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Abstract: The geoelectric properties of the geothermal system associated with the Tolhuaca volcano 

were investigated by three-dimensional (3D) inversion of magnetotelluric (MT) data. This study 

presents the first resistivity model of the Tolhuaca volcano derived from 3D MT inversion to have 

a better understanding of its magmatic and hydrothermal system. We selected data from 54 MT 

stations for 3D inversion. We performed a series of 3D MT inversion tests by changing the type of 

data to be inverted, as well as the starting model to obtain a model in agreement with the geology. 

The final 3D MT model presents a conductive body (<20 Ωm) located 2 km below the summit of 

Tolhuaca volcano, inferred as a shallow magmatic storage compartment. We also distinguish a ~300 

m thick layer of high conductivity (<10 Ωm) corresponding to argillic hydrothermal alteration. The 

MT model includes two resistive bodies (~200 Ωm) in the upper crust below the laterally displaced 

argillic alteration layer to the west beneath the extinct Tolhuaca, which would correspond to a 

shallow reservoir (~1000 m from the surface) and a deep reservoir (>1800 m from the surface) that 

had so far not been identified by previous resistivity models. The result of this study provides new 

insights into the complexity of the Tolhuaca geothermal system. 

Keywords: magnetotellurics; electrical structures; magmatic/hydrothermal fluids; geothermal 

reservoir 

 

1. Introduction 

The Andean volcanic arc is characterized by numerous hot springs, solfataras, and 

geysers associated with abundant volcanic activity. Comprising more than 200 potentially 

active volcanoes and at least 12 giant caldera/ignimbrite systems [1], it is a region with a 

vast potential for geothermal development. 

In Chile, the Andean volcanism as a result of the subduction of the Nazca and 

Antarctic oceanic plates beneath South America [1–3] occurs in three segments separated 

by gaps or segments described as Central (CVZ; 14–28°S), Southern (SVZ; 33–46°S), and 
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Austral (AVZ; 49–55°S) Volcanic Zones (Figure 1a). As a result, a wide range of volcano-

tectonic configurations, crustal thicknesses, and ascent pathways create different activity, 

products, and morphology within volcanic zones [4] and even between nearby volcanoes 

[5,6]. 

 

Figure 1. (a) Schematic map of the volcanic setting along the Chilean Andes showing the three 

main volcanic zones. All types of volcanic edifies are represented by red triangles 

(https://portalgeominbeta.sernageomin.cl (accessed on 28 November 2022)). (b) Simplified map of 

the major structural systems of the Liquiñe-Ofqui Fault system (LOFS) and the Andean 

Transversal Fault (ATF). Red triangles represent Holocene stratovolcanoes. Llaima and 

Lonquimay are counted among the most active volcanoes in Chile, while Tolhuaca is dormant and 

Sierra Nevada is extinct [7]. The white star indicates the location of the Tolhuaca Geothermal 

System. 

More than 300 potential geothermal areas have been indicated throughout the 

Chilean Andes [8,9], associated with Quaternary volcanism. The main high-enthalpy 

geothermal systems occur in CVZ (e.g. Apacheta, El Tatio) and SVZ (e.g. Tinguiririca, 

Mariposa, Tolhuaca) [8]. In areas where Quaternary volcanism is absent, Pampean Flat-

slab Segment and Patagonia Volcanic Gap, there are fewer hot springs or are less 

pronounced and their temperatures are usually lower [9]. 

According to variations in the petrology and geochemistry of its products, the 

Quaternary volcanism of the SVZ has been divided into four segments [1,10] (Figure 1a). 

The Tolhuaca volcano is located in the South-Central Volcanic Zone (SCVZ: 37–42°S), 

which is characterized by, among others things, a reduced thickness of the continental 

crust, compared with areas further north, and a younger age of the subducted oceanic 

crust. The nature and origin of hydrothermal systems are strongly dependent on 

https://portalgeominbeta.sernageomin.cl/
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structurally controlled heat transfer mechanisms that define contrasting magmatic-

tectonic-hydrothermal domains [11].  

Both Lonquimay and Tolhuaca volcanoes are aligned with a WNW trend [7,12], and 

located in the arc-oblique long-lived fault system domains that promote the development 

of magma reservoirs in the crust [7,11]. Both Pleistocene–Holocene volcanoes are built 

over Miocene volcano-sedimentary rocks [13], which have high intrinsic porosity and 

permeability and thus enhance the development of hydrothermal reservoirs [4,11]. 

Tolhuaca volcano is a glacially scoured stratovolcano [14,15]. At the summit, there 

are several NW-trending aligned craters, indicating migration of the volcanic activity 

from SE towards the NW [7,13,15], several hydrothermal manifestations, and an active 

geothermal system. 

The Tolhuaca Geothermal System (TGS) has been investigated over the past decades 

by geological (e.g., [7,12–14,16]), geochemical (e.g., [17–19]), and geophysical (e.g., [20,21]) 

studies, including magnetotellurics (MT). Classical MT and in particular the high-

frequency variant of MT, audiomagnetotellurics (AMT), is frequently used to investigate 

magmatic reservoirs and deep geothermal resources to characterize the electrical 

resistivity of the structures of these systems with good resolution from a few tens of 

meters to several kilometers [22–24]. 

Previous MT studies at areas surrounding TGS reveal upper crustal resistive 

structures at depths >10 km and conductive anomalies beneath active Lonquimay 

volcano. A conductive anomaly continues in the lower crust with an eastward dip and 

may be connected to the upper mantle [25,26], while the first electrical resistivity models 

at TGS detect a clay hydrothermal alteration layer, at 400 m depth [20,21], and a resistivity 

image along the western flank of Tolhuaca volcano [20]. 

Additional data from TGS were obtained from well logging [14]. A flow test of one 

of the deep wells identified a two-level reservoir with steam and steam-heated waters at 

shallow depth, and a deep fluid reservoir below [21]. The well temperature reaches 150–

200 °C at 500 m depth. Deep drilling revealed a fluid-dominated deposit at 300 °C from 

1100 to 2500 m depth [14,21]. 

The objective of this work is to gain a comprehensive understanding of the 

geoelectric properties of the geothermal system associated with the Tolhuaca volcano in 

its western sector. For this purpose, MT datasets, including the full impedance tensor and 

vertical magnetic transfer function, obtained at Tolhuaca in recent decades have been 

reevaluated and interpreted by 3D MT inversion. 

2. Geological Setting 

The main tectonic features in the research area are the Liquiñe-Ofqui Fault System 

(LOFS) and the Andean Transverse Faults (ATF) (Figure 1b) [27–29], forming a widely 

distributed structural system in the SVZ [2,30,31]. Additionally, the major eruptive centers 

located in the research area are the Tolhuaca volcano and the Lonquimay Volcanic 

Complex volcanoes (Figure 2). 
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Figure 2. Topographic map of the study area. The highest elevations correspond to the summits of 

Tolhuaca and Lonquimay volcanoes. Caracol, La Holandesa, Laguna Verde, and Lolco pyroclastic 

cones aligned WNW-ESE are located between the two major summits [32]. Yellow, green, and 

pink circles show locations of the 2007, 2014, and 2019–2020 magnetotelluric sites used for this 

study. White stars indicate wells. Black lines outline the eruptive centers. Blue circles indicate hot 

springs. Elevation data were obtained from the SRTM1 Global relief model 

(www.ngdc.noaa.gov/mgg/global/global.html, accessed on 28 November 2022). 

The LOFS is a 1200 km-long intra-arc strike-slip fault system, defined by a series of 

major NNE-striking, right-lateral, strike-slip faults associated with NE-striking normal-

dextral faults that splay off NNE- striking faults [4,28,33,34]. In the domain of research 

area, LOFS comes into play in its eastern section with its spatial arrangement forming 

duplex and horsetail geometries (Figure 1b) [4,28,32]. In turn, four independent 

monogenic volcanoes (Caracol, Laguna verde, La Holandesa, and Lolco) were built on a 

branch of LOFS (Figure 2) [7,32]. 

The ATF is formed by a series of NW-striking faults inherited from pre-Andean 

geological processes (Figure 2) (e.g., [29,35]). In the Central and Southern Andes, the faults 

that comprise the ATF are spatially and genetically associated with the occurrence of 

Quaternary volcanism [4,11,27,33,36]. Likewise, ATF partially controls the past and 

present-day fluid flow and volcanic activity [33,37]. The Tolhuaca volcano is located at the 

intersection of the LOFS and one fault of the ATF (Figure 1b), thus providing a potential 

long-lived pathway for the ascent of deeply stored fluids [17,29]. 

Several Cretaceous to Lower Pleistocene stratified sequences, together with Miocene 

plutonic rocks and Miocene-Pliocene hypabyssal intrusives [7,13] form the basement of 

both the Tolhuaca volcano and the Lonquimay Volcanic Complex. The N-NE Liquiñe-

Ofqui Fault System is the first-order structure that crosses between Tolhuaca and 

Lonquimay volcanoes. The second-order alignments are the NE-SW, trending the four 

independent monogenetic volcanoes, and the NW-SE, trending the two major volcanoes 

(Figure 2). 

Tolhuaca volcano (2806 m a.s.l) is a middle Pleistocene stratovolcano, with a NW 

fissural structure and numerous volcanoclastic rocks at its base [7,13]. It is an elliptical 

feature with a major axis of 20 km (northwest–southeast) and a minor axis of 13 km [13,15] 

(Figure 2). Its summit rises above the mid-level of the basement of Oligo-Miocene volcanic 

sedimentary rocks and Miocene granitic rocks of the Patagonian batholith [7,15]. Two 

http://www.ngdc.noaa.gov/mgg/global/global.html
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upper craters represent the last eruptive phases of the volcano; a 2 km long fissure and a 

pyroclastic cone are linked to a lava flow. All are oriented to the N-NW and enhanced by 

glacial action. At the SE termination of the summit of Tolhuaca, glaciers can still be 

observed, with a total area of ca. 5 km2 [7]. 

Basaltic and basaltic-andesitic lavas and pyroclastic flows intercalated with andesite 

and dacite lava flows dominate the eruptive products [13,14,21]. The main stratovolcano 

was formed about 280 and 30 ka ago, through four morphostructural units, with lava 

flows and dike, basaltic to dacitic in composition [14,15]. However, the Tolhuaca volcano 

has no record historical eruptions [7,15]. The most recent units developed between about 

30 ka and the Holocene, with basaltic to silicic andesitic lava flows. 

On the NW flank of Tolhuaca volcano, the TGS has developed with reservoir 

temperatures estimated at 220–300 °C [14,20,21], characterized by several surface 

hydrothermal manifestations (Figure 2). Fumaroles, solfataras, and hot springs are located 

in the NW fissure [20,38], suggesting the existence of a NW striking fault that promotes 

hydrothermal and magmatic ascent [17]. The geothermal field is spatially associated with 

both the LOFS and the ATF [4,17,29] (Figure 2). 

Two slim holes (Tol-1 and Tol-2) and two larger diameter wells (Tol-3 and Tol-4) 

(Figure 2) up to 2117 m vertical depth suggest the presence of a geothermal reservoir at 

approximately 1.5 km below surface [14]. Liquid saturated conditions were determined 

with temperatures of up to 300 °C and a strong meteoric water component [21]. The 

reservoir appears to be covered by a steam-heated aquifer at shallow depths reaching up 

to 160 °C [20,21]. The well Tol-1 was continuously cored to 1073 m depth. Drilling paused 

for a flow test demonstration of the shallow 150 °C to 160 °C steam reservoir between 120 

m and 320 m depth [20]. 

Lonquimay volcano (2865 m a.s.l.), located 8 km southeast of Tolhuaca volcano 

(Figure 2), is a symmetrical cone whose basal stage on basaltic to basaltic andesite rocks 

started within the Upper Pleistocene [39]. The main cone formed from the upper 

Pleistocene to the early Holocene, with accumulations of basaltic to intermediate andesite. 

Younger units are Holocene, with basaltic to andesitic lavas that flowed onto the northern, 

western, and southern flanks of the cone. From Holocene to present, volcanic activity has 

been concentrated in the Eastern Cordon Fisural [7,40] (Figure 2). Historical volcanic 

activities of Lonquimay have been recorded in 1853, 1887–1890 and 1988–1990; the latter 

formed the Navidad (“Christmas”) crater and an andesitic lava flow extending ~10 km to 

the north [32] (Figure 2). 

3. Magnetotellurics: Data, Processing, and Results 

Magnetotellurics (MT) is an electromagnetic method that records the fluctuations of 

electric and magnetic fields at the Earth’s surface to obtain information on the resistivity 

distribution at depth. Since the penetration depth of electromagnetic fields into the Earth 

covers a large depth range, MT is used in crustal and even mantle studies to image the 

resistivity distribution. Depth of penetration decreases as the EM signal frequency 

increases.  

In volcanic environments, MT is used to image conduits or magmatic reservoirs [41–

44], hydrothermal fluids [45,46], and clay layers [47]. In the southern volcanic zone, MT 

studies have characterized magmatic systems [25,26,48,49], geothermal reservoirs [20,21], 

fluid pathways [50,51], and mid-crustal conductors [52,53]. 

3.1. Data Acquisition 

The new MT data, which complement earlier datasets, were acquired during two 

field campaigns. In 2019, between November and December, we deployed 25 broadband 

magnetotelluric (BB-MT) stations mainly in the area between Tolhuaca and Lonquimay 

volcanoes. In March 2020, we added four additional BB-MT stations at the northern flank 

of Lonquimay. Combining the new MT data with previous datasets, we used a total of 54 

BB-MT stations (Figure 2) to investigate the underground resistivity at crustal depths 
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along the Lonquimay-Tolhuaca Volcanic Complex. A period band of 10-3 to 512 s was 

chosen for data acquisition.  

Measurements were carried out using four BB-MT stations each equipped with a 

Metronix ADU-07e data logger. Magnetic fields were obtained using three MSF-07e coil 

magnetometers, buried into the ground for thermal and mechanical stability, and oriented 

in N, E, and vertical directions. Electric fields were obtained by voltage difference taken 

over a dipole extension of 90 m, using four EFP-06 electrodes (Metronix Inc.) oriented in 

N-S, E-W direction. The time series of the horizontal components of the electric (Eh) and 

magnetic (Bh) fields, as well as the vertical component of the magnetic field (Bz) were 

recorded over 48 hours. To be able to apply remote reference processing [54], two stations 

were always operated simultaneously. 

3.2. Processing and Inversion 

The processing of the broadband EM time series was performed with a robust code 

based on [54] and [55] that includes filtering of nearby artificial EM sources that may 

invalidate the plane-wave assumption of the MT fields. In addition, the remote 

referencing technique is applied which leads to a significant improvement of the transfer 

function quality in the so-called dead band from about 1 to 10 seconds where the natural 

source signals are generally weak. From this robust processing, the complex impedance 

tensor (Z), defined by the relationship Eh = ZBh between the horizontal electric field and 

magnetic induction, Eh and Bh, respectively, is estimated. In addition, robust processing 

also estimates the geomagnetic transfer function T (“tipper”), defined as Bz = TB [56]. 

Apparent resistivity and phase curves corresponding to the impedance tensor 

elements Zxy and Zyx for the reference sites TGA-712a, T248a, and Tol23, located northeast, 

west, and southeast of Tolhuaca volcano, are shown in Figure 3. Here, the large split of 

apparent resistivity curves indicates a conductive anomaly at depth. 

 

Figure 3. Three examples of apparent resistivity and phase curves of the non-diagonal 

components of the MT data (Measured) and responses of inversion model (Predicted). Red 

represents the Zxy component, blue the Zyx component. The thick line represents the predicted data 
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for the preferred 500 Ωm initial model. Dashed lines represent the predicted data for the initial 100 

Ωm model. (a) Example of data measured in 2007. (b) Example of data measured in 2014. (c) 

Example of data measured in 2019 and 2020. 

Our goal is to provide a 3D resistivity model of Tolhuaca volcano to understand 

better its magmatic and hydrothermal system by correlating it with geological and well 

logging information. To achieve this goal, we applied an inversion process, in which the 

observed impedance data were fitted by least squares method to the calculated data. 

Three-dimensional inversion of impedance tensor and geomagnetic transfer function 

data was performed using the “Modular System for Inversion of Electromagnetic 

Geophysical Data, ModEM” developed by [57]. The main advantage of ModEM is the fast 

convergence that finally allows the joint inversion of the impedance tensor together with 

the tipper transfer function. The inversion settings, 3D mesh, and results were prepared 

and analyzed using the 3D-Grid Academic software (Melbeq, pers. comm.). 

A regular grid extending over 100 (N-S, positive northward) × 90 (E-W, positive 

eastward) cells with a uniform size of 250 m × 250 m was used in the model core. To avoid 

boundary effects, 18 padding cells with an increasing factor of 1.3 were added to this 

model core. Topography was included of the study area discretized from SRTM-3 using 

an initial cell size of 50 m and included 1750 m of topographic relief throughout the region 

with a maximum elevation of 2865 m a.s.l. and a minimum elevation of 865 m a.s.l. The 

vertical cells continue with an increasing factor of 1.2; thus, 77 layers conform the vertical 

direction. In total, the grid extends 130 km × 100 km in the horizontal directions and to 

about 300 km depth, in accordance with the conditions and depth of the electromagnetic 

skin effect. 

A set of different starting models were tested for the inversion. They all used a 

homogeneous half-space with varying initial resistivity values of 10, 100, 500, and 1000 

Ωm. The tests were conducted to find the best fit to the data and the highest agreement of 

the MT models with the known information of the complex geology of the surrounding 

area of Tolhuaca volcano. We found that the shape and location of the anomalies obtained 

were independent of the initial resistivity values. Please refer to the Supplementary 

Material for a comprehensive explanation of the different inversion tests and their 

settings. 

Figure 4 shows that the lowest Root Mean Square Error (RMS) of 1.35 was reached in 

the inversion test using an initial homogeneous half-space of 100 Ωm. However, the 500 

Ωm resistivity value produced the second lowest RMS of 1.48 and since it was consistent 

with information from exploration wells it was chosen as the starting model. In general, 

the 500 Ωm initial model provides less extreme resistivity values that are more 

geologically realistic while the initial 100 Ωm starting model resulted in unrealistically 

large conductive anomalies with resistivity values below 1 Ωm. Therefore, all future 

models used the initial model with a 500 Ωm homogeneous half-space. 



Remote Sens. 2022, 14, 6144 8 of 21 
 

 

 

Figure 4. Number of iterations versus root mean square misfit convergence curves for the MT 

inversion with the a priori inversion and the fixed inversion. The black lines represent the 

preferred starting model. The dots denote the initial RMS. The inversion with starting model of 10 

Ωm began with the lowest RMS whereas the 1000 Ωm starting model began with a high RMS 

misfit. However, all starting models converged to similar misfit. 

Inversion tests, including joint inversion of Z and T, and non-diagonal and diagonal 

components of Z were performed. Finally, in the inversion, we included all Z components, 

as well as the T components to improve sensitivity at depth and to investigate lateral 

constraints. After assessing the quality of our data for the inversion, we disposed a subset 

of data to be used efficiently in the 3D inversion program. Consequently, we selected 25 

of 29 sites from 2019–2020, 21 of 74 sites from 2014, and 10 of 18 sites from 2007, at which 

transfer functions were calculated for 42 logarithmically distributed periods between 

0.000146 s and 1000 s, with 6 periods per decade. 

We set an error floor as a portion of the absolute value of the impedance components 

(|Zij|) instead of the mean of the non-diagonal components (|Zxy·Zxy|1/2), because the 

mean value might have underestimated one component of the impedance tensor relative 

to the others [58,59]. For the Zxx and Zyy components, the error limit was set to a minimum 

value of 15% and for the Zxy and Zyx components to 8% (error floor). However, if the data 

error of some data was higher tnah this error limit, the original data error was adopted 

for these data. Higher values for the components Zxx and Zyy weight the on-diagonal 

components lower, since the data quality is lower here. For the real and imaginary parts 

of geomagnetic transfer functions the error floor was set to 5%. 

3.3. The Three-Dimensional Resistivity Model 

The preferred 3D model provides high resolution of electrical structures up to 20 km 

depth. In the study area, there is a strong lateral change in electrical resistivity. On the 

western flank of Tolhuaca volcano, a resistive body (>1000 Ωm) with an extension of 

approximately 5 km in the WE direction extends towards 12 km depth. 

The model shows a prominent subvertical conductive structure C1 with a resistivity 

of 5–30 Ωm beneath the old crater of the Tolhuaca volcano at a depth of 2 km (Figure 5). 

C1 seems to be connected to a deeper zone, an elongated intermediate-resistive structure 

of 200–400 Ωm, labeled R1 in Figure 5, dipping southeast and extending to a depth of 

about 6 km. 

Since the low resistivity anomaly, C1, is such a conspicuous feature in the 3D 

resistivity model, persisting in all models, several sensitivity tests were carried out to 
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determine the feasibility of C1. For the sensitivity tests, the low resistivity structure was 

replaced with different resistivity values (see supplementary material) and the resulting 

data misfit was up to 35% larger when compared to the model including the low resistivity 

structure. This indicates the importance of a conductive anomaly to explain the measured 

MT data. 

 

Figure 5. The preferred MT resistivity model shown by vertical slice along profile ABC. (a) 

Horizontal plan views at 2.5 km (250 m a.s.l.) depth. (b) AB northwest diagonal cut along the NW 

flank of Tolhuaca volcano, passing through the well exploration site. BC N-NW diagonal cut 

connecting Tolhuaca and Lonquimay volcanoes. Dashed black lines in the vertical sections show 

the intersection of the profiles. The black dots and green inverted triangles on the vertical and 

horizontal sections are the locations of MT sites and exploration wells, respectively. 

The model along the Tolhuaca volcanic edifice shows a layer composed of several 

conductive anomalies (<40 Ωm) spatially distributed near the surface (Figures 5 and 6). 

Within this conductive layer, a rather highly conductive anomaly (~20 Ωm) is observed in 

the vicinity of the geothermal wells (star in Figure 6a and b). An extensive conductive 

anomaly, C2, below the exploration wells is imaged, extending approximately 2 km in N-

S direction and 1.2 km in E-S direction, with a thickness of 200 m (Figure 6b). On the 

northwest flank of Tolhuaca volcano, a narrow conductive anomaly, C3, is visualized, 

extending approximately 0.5 km in N-S direction and 2 km in E-W direction, with a 

thickness of 200 m (Figure 6b). Southeast of Tolhuaca volcano, a conductive anomaly with 

similar characteristics to the one mentioned above is also revealed (Figure 6c,d). 
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Figure 6. Plan view of the 3D model obtained from inversion presented for six different depths 

showing the relationship between conductive anomalies spatially distributed near the surface and 

geothermal surface manifestations and volcanic lineaments shown in Figure 2. Gray dots represent 

MT sites. Stars represent wells. 

In between Tolhuaca and Lonquimay volcanoes, specifically in the southeast flank of 

Tolhuaca, a conductive anomaly of ~20 Ωm with a thickness of 500 m was also identified 

(Figure 6a); however, the lateral extent is not well resolved due to limited coverage with 

MT stations. 

In the eastern part of the study area, the subsurface is characterized by a 

homogeneous intermediate to low electrical resistivity (Figure 6). Note, however, that 

coverage with MT sites is low east of Tolhuaca and that the model is therefore poorly 

constraint in this area. The absence of low resistivity structures beneath active Lonquimay 

volcano in our model (structures, which could be associated with a possible shallow 

magmatic source) might therefore be due to an insufficient coverage with MT stations 

(Figure 6e,f). 

4. Discussion 

4.1. Shallow Crustal Melt Zone 

The 3D inversion of MT data in Tolhuaca volcano shows a high conductivity 

anomaly, C1, at shallow crustal levels at 2 km below the surface. This well-defined 

anomaly underlies beneath the former eruptive crater on the NW flank of Tolhuaca 

volcano (Figures 5 and 7). The elongated intermediate resistivity R1, below C1 (Figure 5), 

would probably represent a sub-vertically dipping basaltic-andesitic dike-like structure 
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(roughly NW-SE oriented), which acted as a feeding zone for the magmatic system of 

Tolhuaca volcano and also serves as a path for high temperature geothermal fluids. The 

extent of this structure at depth and to the east cannot be delimited by this study. 

However, the geometry of R1 (Figure 7) would provide evidence for the existence of a 

fault dipping to the east that extends throughout the crust, forming weak zones that 

channel the ascent of fluids. Furthermore, the higher resistivity towards the western part, 

R2 (Figure 5), suggests that the eastern deep-reaching fault acts as a lateral barrier between 

the more heterogeneous crust, as has been observed in previous studies in the SVZ (e.g., 

[26,49,51]). 

 

Figure 7. (a) Topographic map including three vertical slices of the preferred 3D MT model. High 

altitudes correspond to the summit of volcanoes. (b) Multi-segment cross-section through the 

wells and major volcanoes are shown in Figure 5. (c) NW-SE cross-section magmatic and 

hydrothermal fluid pathways. (d) Three-dimensional 3D resistivity image derived from N-S and 

E-W orthogonal profiles in order to the inferred position and extension of the crustal long-term 

magmatic storage denoted by C1. 

The enhanced conductive of C1 (between 5 and 25 Ωm) may be explained by high 

content of brines or a low melt fraction. Dacitic lava is dated to 50 ka [15], meanwhile the 

youngest basaltic lava flow/volcanic event is dated to be less than 6 ka [21]. Therefore, the 

presence of partially crystallized melt could be probable. From a magma residence and 

crystallization point of view, 50 ka is sufficient time to completely cool small and shallow 

magma chambers. However, in our case, we assessed a volume >35 km3 for C1, small-

medium magma chamber size, and the occurrence of residual melt (mush) is a possibility. 

We estimated the time scale of magmatic cooling using the model of [60,61]. In a 35 

km3 magma chamber, basalt magmas (density of 2600 kg/m3, specific heat capacity of 1500 
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J/kg per K and the latent heat of crystallization of 4 × 105 J/kg [62]), an initial temperature 

of about 1100 °C should reach 75% crystallization after ∼12,000 years. On the other hand, 

deep drilling revealed a fluid-dominated deposits at about 300 °C and to a minimum 

depth of 1100 m. Thus, a temperature of about 800 °C is possibly expected at 3 km of depth 

and this temperature is high enough to maintain a partial amount of melt. 

Upper-crustal magma chambers spend the vast majority of their lifetimes at 

relatively cold (less than 750 °C) conditions, i.e. “cold storage” [63], or tens to hundreds of 

thousands of years of storage under dominantly hotter conditions, i.e. ‘warm storage’ [64]. 

If the “cold storage” model is applicable, detection of melt beneath volcanoes is likely a 

sign of imminent eruption [63]. However, some arc volcanic centers have been active for 

tens of thousands of years and show evidence for the continual presence of melt, which 

suggest that arc magmas are generally stored warm. Thus, the presence of intracrustal 

melt represents the normal state of magma storage underneath dormant volcanoes [64]. 

We estimated different melt portion values as a function of the different dominant 

lavas of Tolhuaca volcano (Figure 8). As a result of the limited geochemical and 

petrological data of lavas and eruptive products of Tolhuaca, the bulk resistivity for 

different melt fractions was computed assuming diverse basaltic-andesitic, andesitic and 

dacitic melt compositions, using the models of [65,66] at a depth of 3 km (Figure 8a). 

Figure 8a shows resistivity values for basaltic-andesitic, andesitic and dacitic lavas 

varying water content, as a weight percentage (H2O wt%). Pink bands represent values 

that are compatible with MT. The orange area represents electrical resistivity estimations 

for magmas of Tolhuaca. 

 

Figure 8. (a) Variation of electrical conductivity with water content for different melt 

compositions, using the models of [65,66]. (b) Bulk electrical resistivity of a two-phase system 

depending on the melt fraction for basalt-andesite melt with a resistivity of 3 Ωm, for different 

degrees of melt interconnection: Highly interconnected (m = 1.0) and moderately well 

interconnected (m = 1.5) to isolated (m = 2.0). 
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The melt resistivity was estimated and combined with the matrix rock resistivity by 

the two-phase mixing model [67] for various degrees of melt interconnection (from 

interconnected melts, cementation factor m = 1.0 to isolated melts, m = 2.0), giving the 

fraction of melt needed to explain the observed resistivity of the melt and rock matrix. 

Assuming a resistivity range of 5–25 Ωm in the anomalies, a minimum melt fraction 

of 5% (Figure 8b) is required in the case of a highly interconnected melt (m = 1.3) to account 

for the resistivity values (Figure 7). A maximum melting fraction of 30% is required if the 

melt is not well connected (m = 2.0) (Figure 8a). Depending on the temperature (900–1200 

°C), a melt fraction range of 3% to 11% would also be possible. If higher values of pure 

melt resistivity are used, e.g., due to lower water content, a higher melting fraction is 

required. Therefore, basaltic-andesite residual melt (Figure 8) would explain the low 

resistivity value of the anomaly located just below the NW flank of the volcano. 

The Tolhuaca magmatic system appears to be at a more mature and in a crystalline 

stage. Therefore, C1 would correspond to the long-term residence of a subsurface 

magmatic intrusion associated with ATF structural control [4,17,29,68], which would 

serve as a heat source for the Tolhuaca geothermal system. Numerical simulations of heat 

and fluid flow [17] would suggest the existence of a heat source of the Tolhuaca 

geothermal system associated with a magma body intruding at a depth of ~3 km below 

the summit of Tolhuaca volcano [17]. If this were the case, anomaly C1 would correspond 

a shallow magmatic body triggering an increase in fluid enthalpy and a decrease in fluid 

pressures as a result of a transition of the hydrostatic pressure gradient to a fluid-saturated 

(boiling) environment at a shallow reservoir [17]. 

There is evidence that there are transient shallow reservoirs with partial melts 

beneath active volcanoes in the upper crustal layers of the SVZ, or there are also temporal 

interruptions in magma rise [69,70]. Magmatic compartments controlled by major fault 

systems appear as medium-low resistivity anomalies [48,49]. Therefore, the prevailing 

tectonic configuration in the area, the interaction between LOFS and ATF, would promote 

the development of a long-lived shallow reservoir [17,29]. 

In the case of the active Lonquimay volcano, our model does not show a strongly 

conductive anomaly in the crust that can be associated with a melt zone and a near-surface 

magmatic reservoir. The explanation for this may lie in that the expected subsurface 

magmatic reservoir is displaced towards to the southeast of the main volcanic edifice as 

have been described in other volcanoes of SVZ [26,32,71]. Therefore, the shallow reservoir 

fails to be revealed by our model. 

Additionally, in our model there would be no evidence of a link between shallow 

magmatic system of the Lonquimay volcano with the conductive feature, C1 (Figures 6 

and 7). The local stress regime of the upper crust seems to play a direct role in the spatial 

distribution of the volcanic centers. Thus, the eastward flexure of the LOFS appears to 

play an important role as a barrier. As a result, Lonquimay and Tolhuaca volcanoes 

having apparently independent systems [71]. 

4.2. Near Surface Conductive Anomalies 

In this study, we also provide a more detailed electrical resistivity model that images 

the hydrothermal alteration units in the Tolhuaca geothermal system. The 3D model 

shows a zone of conductive anomalies (<40 Ωm), spatially distributed near the surface 

(Figure 5a,c). Within this zone, two conductive layers, C2 and C3, of high conductive 

anomalies <20 Ωm are identified at different depths, on the northwest flank of Tolhuaca 

volcano. 

At a depth of 1500 m about sea level (a.s.l.) is the uppermost layer, C2, with a 

thickness of ~300 m (Figure 9b and d). It extends approximately 3 km in the NW direction, 

following the trend of hot springs and the lineaments of the ancient eruptive centers of 

Tolhuaca volcano (Figure 2). Two maximum conductive anomalies (<10 Ωm) are 

distinguished in north and south ends (Figure 9b). This layer leads to an impermeable 

clay-cap of the Tolhuaca geothermal system [21]. Argillic material mapped at the surface 
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and in the wells [14,17] confirms that argillic alteration would be the primary cause of the 

high conductive layer [20,21]. However, correlating our MT resistivity model with 

alteration mapped in the wells (Figure 9), we observed a vertical offset of ~300 m between 

the high conductive layer and the argillic alteration, which could be related to the 

discretization of the mesh design in the model. Refining the cell size in the model, e.g., 

using a cell thickness of 25 m from the surface to the base of the clay cap could be a solution 

to the offset. 

 

Figure 9. (a) Location of the N-S profile shown in b. ATF: Andean Transverse Fault; LOFS: Liquiñe-

Ofqui Fault System; Tol-1, Tol-2: slim wells; Tol-3, Tol-4: deep wells. Black dots represent MT 

stations. (b) N-S vertical section with a vertical exaggeration of 1x. Section running parallel to wells 

and the thermal manifestation and located to the west of the high conductive anomaly. The figure 

also includes an interpretation of the well temperature (modified after [21]). Blue dots represent hot 

springs. (c) Temperature vs. elevation profiles for the Tol-1 (blue line), Tol-2 (magenta line), Tol-3 

(orange line), and Tol-4 (green line) wells (modified after [17]). Four structural-mineralogical zones 

are shown as a reference (modified after [14,17]). (d) Zoom of the central part of the N-S section 

shown in b. The figure includes hydrothermal alteration units from Tol-1 and Tol-2 wells [14], the 

~300 m thick uppermost high conductive anomaly, and the lower low-intermediate conductive 

anomalies. Note that the scale refers to the vertical extension of the wells. 
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A new feature that has not yet been imaged in previous MT studies is the electrical 

conductor C4, which is located approximately between 750 and 350 m a.s.l (Figure 9b). C4 

is a lower layer of ~400 m thick and extending 1500 m in the N-S direction (Figure 9b,d), 

centered under a C1. This layer is slightly more resistive than the upper layer (C2 and C3) 

and appears to be linked to the high conductive anomaly (C1) located to the east beneath 

Tolhuaca volcano (Figure 7c). In addition, this layer lies between two horizontal zones, R3 

and R4 (Figure 10), of intermediate low resistivity (~200 Ωm) (Figure 9d), that might 

correspond to the reservoir zones. Therefore, it appears to be driving the development of 

two different reservoirs (shallow (R3) and deep reservoir (R4) (Figure 10)), which could 

differ in temperature, geochemistry of the fluid, and residence time.  

 

Figure 10. Detailed NS-slice through the central part of Tolhuaca geothermal system shown in 9d, 

where the slim wells Tol-1 and Tol-2 are located. Blue circles indicate hot springs. Top left, NS-slice 

compared with hydrothermal alteration units from wells and correlated with conductivity 

anomalies. Bottom left, NS-slice compared with temperature logs and from hydrothermal 

alterations correlation. Middle right, schematic NS-slice interpretation showing conductive and 

intermediate resistivity anomalies related to the geothermal reservoir features. Note that the scale 

refers to the vertical extension of the wells. 

4.3. Implications from Hydrothermal Alteration 

According to the theoretical conceptual model used to explain electrical resistivity 

patterns observed at most high-temperature geothermal reservoirs [20,72,73], our MT 

resistivity model is correlated with mineral alteration zoning (Figure 9c). Likewise, 

temperature logs from Tol-1, Tol-2, Tol-3, and Tol-4 (Figure 9c) were used to assess the 
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performance of the MT resistivity imaging. Thus, Figure 9 shows a detailed NS slice of the 

upper 3km transecting the Tolhuaca geothermal system at the location of the slim hole 

wells Tol-1 and Tol-2. 

Smectite, illite, and chlorite are especially known for being the main mineral phase 

of clay-caps in volcanic geothermal systems. Smectite and chlorite are observed at all wells 

from shallow depths and up to the surface [14,17]. For detailed alteration data of wells, 

please refer to [14,21]. In the wells Tol-1 and Tol-2, smectite was found from the surface 

up to 160 m depth before an absence of alterations is observed (Figure 9c). In Tol-1 and 

Tol-2 the presence of the alteration minerals Illite, chlorite, and smectite was observed 

between 300 and 400 m depth [14,17]. A minor presence of alteration minerals was found 

at Tol-1 until a depth of 600 m. In the depth ranges of 500–600 m and up to 1000 m a strong 

presence of alteration minerals of varying thickness was observed in all wells. Underneath 

this alteration zone, the mineral profiles are not as strong and clear as before. Starting at 

800–900 m in Tol-1 and Tol-2 and 1100–1300 m in Tol-3 and Tol-4 first occurrence of 

epidote is documented, representing a high temperature (170 °C) hydrothermal alteration 

mineral. Indication of smectite, illite, chlorite, and epidote mineralization at depths from 

1600 m to 2300 m suggest another alteration zone. 

The uppermost high-conductivity anomalies C2 and C3 correlate with argillic 

hydrothermal alteration zone, smectite, and mixed smectite-illite zones [17] (Figure 10), 

and with the geometry of the associated temperature isotherm (Figure 9b). In Figure 5, C2 

and C3 are separated by a less conductive zone that we interpret as an upflow zone. This 

is clearly visible in Figure 10. Therefore, anomalies C2 and C3 would form the clay-cap of 

the geothermal system associated with Tolhuaca volcano (Figure 5c). It could also be 

related to the relatively high-temperature mineralization, which would explain the argillic 

alteration of the Tol-1 and Tol-2 wells close to the surface. Nearby well temperatures 

suggest that the upflow is currently steam-dominated down to 600 m depth. The reservoir 

zones are covered by steam-heated water, which may explain why our model detects the 

upflow zone as a more resistive anomaly compared to the argillic alteration zone. 

Above C2, the 3D inversion model shows a zone of high resistivity, which would 

correspond to unaltered rocks (Figure 10), while below and adjacent to the argillic zone 

(Figure 10), the high resistivity zone is correlated with illite to chlorite/smectite clays that 

could have formed from sub-propylitic alteration [17] or denominated as transitional 

alteration zone [14]. This zone could correspond to the shallower reservoir of the 

geothermal system (Figure 10).  

At a deeper level below the sub-propylitic zone, an increase in conductivity (~30 Ωm) 

is observed, C4, which is correlated to the phyllic alteration zone described in well Tol-2. 

Our inversion model indicates that this anomaly could be connected to the east with the 

highly conductive anomaly below Tolhuaca volcano (C1). This zone could have been 

generated through circulation of high-temperature volcanic fluids within a permeable 

rock which could have developed the deep reservoir below the phyllic zone. Higher 

altered andesite rocks may contain necessary permeability for fluid flow along faults and 

would also provide sufficient fluid storage to constitute a depth not previously 

documented in a geothermal reservoir [74]. 

5. Conclusions 

We used broadband MT data from sites deployed in the surrounding area of 

Tolhuaca volcano to reveal a detailed 3D inversion model of electrical resistivity and 

additional evidence for the geothermal system. 

To establish the best fit to the data, we used a 500 Ωm homogeneous starting model, 

which provides a model with electrical resistivity values in agreement with the geology 

and consistent with well data and geochemistry. Thus, we provided a comprehensive 3D 

inversion model of electrical resistivity compared to previous work. 

The electrical resistivity model shows a shallow conductive anomaly (<20 Ωm 

resistivity), ~2km below the NW flank of Tolhuaca volcano, connected with a sub-vertical 
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anomaly of intermediate resistivity (~500 Ωm). We interpreted the shallow conductor as 

a magmatic storage compartment, which would be in a mature and partly crystalline 

phase. This magmatic compartment would have been fed from deep crustal zones by a 

sub-vertical dipping basaltic-andesitic dike-like structure, which would act as a 

preferential pathway for the ascent of hydrothermal fluids. 

The high-resolution resistivity images contribute to the understanding of the 

geothermal system associated with Tolhuaca volcano. We distinguished a ~300m thick 

layer of high conductivity (<10 Ωm) corresponding to argillic hydrothermal alteration. 

The MT model includes two resistive bodies (~200 Ωm) in the upper crust below the 

argillic alteration layer laterally offset to the west beneath the extinct Tolhuaca caldera, 

which would correspond to a shallow reservoir R3 (~1000m from the surface) and a deep 

reservoir R4 (>1800m from the surface) that had so far not been identified by resistivity 

models. 

Evidence for rapid heating events is provided by [21], who found borehole 

temperatures at Tol-4 and Tol-3 to be nearly 100 °C higher than those inferred from fluid 

inclusions trapped in hydrothermally altered rocks in the same wells. These results would 

confirm that the Tolhuaca magmatic and hydrothermal systems are connected and that 

magmatic volatiles are transported to the surface through faults and fracture pathways. 

Consequently, our resistivity model provides evidence of structural control of the 

ATF faults, as a promoter of the long residence of magma reservoirs in the crust, which 

would serve as hosts for the development of heat sources for geothermal systems. Since 

we found no indications of a deep conductor in the study area, such as those observed in 

other high enthalpy geothermal systems, we conclude that the shallow magmatic deposit, 

which is cooling but still hot, is the heat source of the geothermal system. It is not located 

below the geothermal field but laterally offset. 

On the other hand, we provide the first electrical resistivity image that may constitute 

a test of the hypothesis of the existence of independent magmatic systems between the 

major volcanic edifices Tolhuaca and Lonquimay. The magmatic systems are possibly 

separated by the tectonic activity associated with the bending of the branches of the 

Liquiñe-Ofqui Fault System. 

Future work should expand the investigated area, ideally with MT station coverage 

east of Tolhuaca volcano and south-southeast of Lonquimay volcano, which may 

significantly improve the 3D inversion result, and image a likely shallow magma reservoir 

beneath Lonquimay. In addition, joint inversion or integration of multiple geophysical 

datasets (e.g., gravity, seismicity) would also be beneficial for a further study of the 

volcanic chain. 
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