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Abstract 

This paper presents results from a magnetotelluric survey at Ceboruco Volcano in Mexico. 

The observed data require an anisotropic 3-D electrical resistivity model which links a 

near-surface geothermal reservoir to the magmatic system and finally to the local tectonic 

setting. 

Ceboruco is an active stratovolcano, which is located in the Tepic-Zacoalco Rift and is 

part of the Trans-Mexican Volcanic Belt. Together with Chapala and Colima, the Tepic-

Zacoalco Rift forms a triple rift system, which developed as a consequence of the 

subduction of the Rivera and Cocos oceanic plates beneath the North American 

continental crust. Ceboruco is the largest and most active volcano in the region. 

Broadband magnetotelluric data were collected at 25 sites distributed on and around 

Ceboruco Volcano during a two-week campaign. The survey focused on the electrical 

resistivity distribution to characterize the geothermal potential and the deep structure 

beneath the volcano. The data quality is very high in a wide period range between 10−4 

and 102s and there is a consistent data pattern at all sites. For sites located on the volcano, 

topographical effects dominate the shortest periods. At all sites a highly conductive layer 

is implied for periods below 1 s, and a spatially constant phase split and coincident small 

induction vectors are observed to the long period end. 



The 3-D isotropic inversion of the data yields an excellent data fit for short and 

intermediate periods and reveals a shallow magma storage and an extensive hydrothermal 

reservoir between 1 km a.s.l. and approximately 2 km b.s.l. At greater depth, the inversion 

algorithm generates large-scale high resistivity contrasts, reaching far outside the area of 

investigation. The resulting structures are inconsistent with the known geological setting 

and are considered to be artifacts of the isotropic inversion. We present an alternative 

model, which includes two anisotropic layers below 10 km depth. The conductive 

principal axes of the anisotropy are consistent with the local rifting direction in the Tepic-

Zacoalco Rift and relate to a ductile deformation of the host rock and a large mush zone 

at mid- to lower-crustal depths. 

 

Keywords: Magnetotellurics; Magmatic Systems; Electrical Anisotropy; Rifting; 

Volcanism. 

 

 

Highlights 

• MT powerful technique for volcano sub-structure. 

• 3D electrical anisotropy modelling approach is novel and gives additional 

insights. 

• Evidence that magmatic system is controlled by local tectonics. 

 



1. Introduction 

Rift systems develop in extensional settings, related to mantle exhumation and crustal 

thinning, which are usually associated with decompression melting and the rise of 

volatiles and magma through the lithosphere (e.g., Rooney, 2010; Lee et al., 2016). 

Therefore, they drive the presence of volcanic areas that are commonly aligned in the 

principal direction of the rift (Wadge et al., 2016). 

Within rift zones, fractures in bedrock can merge into extensive joint systems, bearing 

water or partial melt whose electrical resistivity may be orders of magnitude less than the 

surrounding bedrock. Depending on the tectonic stress-field, these fractures can be 

aligned and therefore might result in preferred electrical conduction directions inferred 

from electromagnetic or electrical resistivity observations (e.g., Wannamaker, 2005). 

Tectonic activity in rift systems may also cause the genesis of shales and schists, which 

form from sediments due to metamorphism. Here, the minerals are realigned with their 

long axis perpendicular to the stress-field. This process may also result in a preferred 

electrical conduction direction within the rock material, especially if a film of water or 

melt between the foliation planes enhances the resistivity contrast (Wannamaker, 2005). 

Therefore, an electrically anisotropic medium may result from microscopic anisotropy, 

i.e., the presence of preferred orientations of crystals, and/or a macroscopic effect due to 

layering or lamination structures with dimensions significantly smaller than the induction 

volume (Weidelt, 1999). In terms of distinct geological settings, this can be preferred 

orientation of fracture porosity, fluidized, melt-bearing or graphitized shear zones, 

lithological layering, oriented heterogeneity, or hydrous defects within shear aligned 

olivine crystals (Wannamaker, 2005; Martí, 2014). 

The magnetotelluric method has been successfully applied to numerous volcanic areas 

and rift systems. This includes, for example, Mount St. Helens (Hill et al., 2009; 

Bedrosian et al., 2018), Laguna del Maule (Cordell et al., 2018), Uturuncu Volcano 

(Comeau et al., 2016), Naruko Volcano (Ogawa et al., 2014), Tongariro Volcano (Hill et 

al., 2015), Fogo Volcano (Hogg et al., 2018), the Taupo Volcanic Zone (Heise et al., 2008) 

and the Ethiopian Rift Magmatic System (Samrock et al., 2018, Samrock et al., 2021). 

All these studies have linked highly conductive domains to either magma and partial 

melting, hydrothermal fluid circulation or the presence of clay minerals. In general, 

geothermal systems can be categorized as systems where magma is present or absent 

(Muñoz, 2014). Magmatic geothermal reservoirs include convective hydrothermal (water 



or steam dominated), hot dry rock or partial melt systems, whilst non-volcanic reservoirs 

are related to hot fluids in sedimentary or crystalline rocks (Muñoz, 2014). Most 

hydrothermal systems are associated with alteration processes due to an interaction 

between rock material and hydrothermal fluids. Here, high temperatures coincide with 

strong alteration and high conductivities. The alteration usually results in the formation 

of clay minerals, such as smectite (temperatures between 70 and 150 °C), illite and/or 

chlorite (>180 °C) or chlorite and epidote minerals (220−240 °C) (Muñoz, 2014; Browne, 

1978). Clay minerals often cover geothermal systems and are observed as a zone of low 

resistivity (clay cap) (e.g., Pellerin et al., 1996; Bibby et al., 1998). Clay caps and adjacent 

hydrothermal systems feature typical resistivities of 1−10 Ωm and 5−100 Ωm, 

respectively (Wright et al., 1985; Pellerin et al., 1996), although resistivities below 1 Ωm 

were observed in the case of hypersaline hydrothermal fluids (e.g., in the Long Valley 

Caldera; Peakock et al., 2016). Several studies have linked highly conductive zones to 

partial melting and magma transport through the crust. The modelled resistivities are 

frequently smaller than 1 Ωm (e.g., Hill et al., 2009; Heise et al., 2010; Bedrosian et al., 

2018; Hill et al., 2015; Samrock et al., 2018). However, the resistivity of melt strongly 

depends on its chemistry. Rhyolitic magma, for example, is generally more resistive than 

andesitic and basaltic magma (up to 50 Ωm, see Bowles-Martinez and Schulz, 2020 or 

Lee et al., 2020). Laboratory measurements help to constrain expected melt resistivities 

in dependence of, i.e., temperature, pressure, H2O and SiO2 content (e.g., Pommier et al., 

2008; Guo et al., 2016; Laumonier et al., 2017). The observable bulk resistivity is then 

directly related to the melt fraction, which can be determined using two- (or multi) phase 

mixing models based on, e.g., a modified Archies's Law (Glover et al., 2000; Pommier, 

2014; Glover, 2010). 

Ceboruco Volcano is a 2280 m high stratovolcano, located in Nayarit State, Mexico. Only 

a few geophysical studies have been carried out at Ceboruco. The last historical record of 

an eruption is from 1870, before which the plinian Jala eruption occurred between 1000 

and 1134 CE (Böhnel et al., 2016). Fernández-Córdoba et al. (2017) identified a negative 

gravimetric anomaly below Ceboruco associated with a 163 km3 magma body, located 

about 1 km below sea level. Sawires and Aboud (2019) found a positive magnetic 

anomaly that coincides with this negative Bouguer anomaly. Volcano-tectonic and low-

frequency seismic events have been identified by Núñez-Cornú et al. (2020), Rodríguez 



Uribe et al. (2013) and Sánchez et al. (2009). This type of seismicity is usually associated 

with active volcanoes. 

This study aims to improve the understanding about the deep structure and the geothermal 

potential of Ceboruco Volcano. It uses the magnetotelluric method to obtain a 3-D 

resistivity model of the subsurface. The model is used to validate and expand the 

knowledge about the magmatic system. The possibility to account for an anisotropic 

electrical resistivity distribution allows us to link our observations to geodynamics in the 

local tectonic setting. 

 

2. Geological setting 

Ceboruco Volcano is an active stratovolcano, located in the central part of the Tepic-

Zacoalco Rift (TZR), which constitutes the northwestern end of the Trans-Mexican 

Volcanic Belt (TMVB) (Fig. 1a). Together with the Chapala and Colima rifts in the Jalisco 

Block (JB), the TZR forms a triple rift system, which developed as a consequence of the 

subduction of the Rivera and Cocos oceanic plates beneath North American continental 

crust (Petrone et al., 2001; Allan, 1986). The western part of the TMVB separates two 

large-scale geological domains, namely the Sierra Madre Occidental (SMO) to the 

northeast and the Jalisco Block to the southwest (Fig. 1b and Fig. 2a). The SMO is a 

volcanic plateau of approximately 1 km thickness that extends from the TMVB over 2000 

km to the north (Ferrari et al., 2003). It consists primarily of Tertiary ignimbrites and 

rhyolites (Sieron and Siebe, 2008). Close to Ceboruco Volcano, the upper ~800 m of the 

SMO are composed of rhyolitic ash flows and basaltic to andesitic lavas, covering 

subvolcanic stocks and plutons with diorite to granite compositions (Ferrari et al., 2003). 

The Jalisco Block comprises late Cretaceous to Paleocene volcanic deposits and marine 

sediments, which cover plutonic rocks (granite) (Ferrari et al., 2003; Schaaf et al., 1995; 

Sieron and Siebe, 2008). 

 



 
Fig. 1. (a) Tectonic setting in the Pacific and western part of Mexico. The red square marks the location 

of the map in (b). TMVB: Trans-Mexican Volcanic Belt, RFZ: Rivera Fracture Zone, OFZ: Orozco 

Fracture Zone, RP: Rivera Plate, EPR: East Pacific Rise, PRR: Pacific Rivera Rise. (b) The triple rift 

system formed by the Tepic-Zacoalco Rift (TZR), the Chapala Rift and the Colima Rift separates the 

western part of the TMVB into the Jalisco block, the Michoacan block and the North American plate. SJ: 

San Juan Volcano, SG: Sanganguey Volcano, TEP: Tepetiltic Volcano, SP: San Pedro Caldera, C: 

Ceboruco Volcano, TEQ: Tequila Volcano, LP: La Primavera Caldera, NCO: Nevado de Colima 

Volcano, CO: Colima Volcano. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 
 

 
Fig. 2. (a) The Tepic-Zacoalco Rift (TZR) separates the Jalisco Block and the Sierra Madre Occidental 

(SMO). The rift is regarded as a larger system of grabens, half-grabens and faults. The red square marks 

the location of the map in b. SPCG: San Pedro – Ceboruco graben, SJ: San Juan Volcano, SG: 

Sangangüey Volcano, TE: Tepetiltic Volcano, SP: San Pedro Caldera, C: Ceboruco Volcano, TEQ: 

Tequila Volcano, LP: La Primavera Caldera. (Fault zones redrawn after Ferrari and Rosas-Elguera, 2000) 

(b) Distribution of the magnetotelluric sites during the field survey at Ceboruco Volcano in November 

2016. Red diamonds: High-frequency (HF) sites with a recording time of 30 min. Blue diamonds: 

Broadband (BB) sites with recording times >12 h. White triangles: Low frequency (LF) sites with 

recording times >2 days. (For interpretation of the references to colour in this figure legend, the reader 

is referred to the web version of this article.) 

 

The Tepic-Zacoalco Rift is a NW-SE oriented, extensional structure and is regarded as a 

larger system of grabens, half-grabens and faults (e.g., Allan, 1986 or Ferrari et al., 
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1994, Ferrari et al., 2003) (Fig. 2a). The exact origin is under debate, although the most 

accepted explanation relates to accumulated tectonic stress resulting from oblique 

subduction of the Rivera plate and complex interaction with the adjacent Pacific 

and Cocos plates (e.g. Ferrari et al., 1994). The initial opening occurred in the 

early Paleogene and has been reactivated several times (Rosas-Elguera et al., 1996). 

Since the late Miocene, northeast extension shaped the TZR (Ferrari and Rosas-Elguera, 

2000). 

The Ceboruco asymmetric graben is part of the San Pedro – Ceboruco complex, which 

constitutes the central part of the TZR (Ferrari et al., 2003; Petrone et al., 2001) (Fig. 2a). 

To the north and south it is defined by WNW-ESE striking normal faults, cutting different 

andesitic, rhyolitic and ignimbritic successions, dated between 4.2 and 4.9 Ma (Ferrari et 

al., 2003). Knowledge about the geological structure of the graben was enhanced by a 

2800-m-deep exploratory well, located in the southern foreland of Ceboruco Volcano. The 

borehole exposed about 2 km of andesitic and rhyolitic lava flows (aged up to 8 Ma), 

covering plutonic (possibly granitic) rocks related to the Jalisco Block (Ferrari and Rosas-

Elguera, 2000). Between 400 and 500 m below ground surface level, a conglomerate layer 

traverses the lava flows. 

Ceboruco Volcano is a calc-alkaline stratovolcano with andesitic lava flows predominant 

over pyroclastic units (Ferrari et al., 2003). Its initial activity is dated to 0.37 ± 0.2 Ma 

(Petrone et al., 2001). According to Ferrari et al. (2003), the recent structure of the 

volcano developed as follows: During an eruptive phase (Jala-eruption, ~1000 a ago), the 

top of the andesitic Paleo-Ceboruco collapsed and the outer caldera was formed. 

Subsequently, a dacitic dome was emplaced, which likewise collapsed due to eruptive 

dacitic lava flows and formed the inner caldera. The andesitic Dome Central and a 

volcanic cone (La Cornilla) constitute the innermost structures of the volcano. Even 

though its last eruption occurred in 1870, Ceboruco is the most active volcano in the area, 

showing volcanic-earthquake activity together with ongoing vapor emissions. 

3. Methodology 

The magnetotelluric (MT) method was first described by Rikitake (1948), Tikhonov 

(1950) and Cagniard (1953). It is used to examine the Earth's electrical resistivity 

distribution by observing time variations of the magnetic and electric field at the Earth's 
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surface. The period-dependent MT response tensor (Z) relates the horizontal electric (E⃑h) 

and magnetic fields (B⃑h) measured at the Earth's surface: 

            (1) 

The fields in (1) are complex numbers that are defined in the frequency domain. The 

tensor Z is usually presented as period-dependent apparent resistivity (ρa,Z) and phase (φij) 

curves, derived from the tensor components. With period T and magnetic 

permeability μ they are written as: 

In general, values at short periods represent shallower depth than values at longer periods, 

and a decrease of the apparent resistivity with increasing period coincides with phases 

larger than 45°, and vice versa. 

Caldwell et al. (2004) established the phase tensor (PT, ϕ), which reduces the MT 

response tensor to its phase information. The tensor can be visualized by the maximum 

and minimum phase (the tensor principal axes), the tensor skew (β) and the angle α, which 

relates the tensor to the measurement coordinate system (Caldwell et al., 2004; Booker, 

2014). The PT is calculated from the real (U) and imaginary (V) parts of the MT response 

tensor (Z = U + iV) as: 

     ϕ=U−1V                (4) 

In contrast to Z, the phase tensor (ϕ) is free from galvanic distortion by near-surface 

resistivity variations (Caldwell et al., 2004), causing a frequency independent offset of 

the electric field amplitude. This is commonly observed as a static shift of the period 

dependent apparent resistivity curves, which can significantly hamper the interpretation 

of MT data. 

Brown (2016) and Hering et al. (2019) introduced the complex MT apparent resistivity 

tensor (CART) as a compact and intuitive method to visualize the amplitude and phase 

information within the common MT transfer functions. The CART (ρa) is calculated from 

the MT response tensor Z (with the superscript T denoting the transpose of a tensor): 
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It can be decomposed into a real (Ua) and an imaginary (Va), or amplitude and phase 

tensor (ϕa): 

Ua is referred to as the apparent resistivity tensor (RT), ϕa as the resistivity phase tensor 

(RPT) and I is the identity matrix. The RT gives information about the magnitude and 

direction of apparent resistivity subsurface structures and is sensitive to the resistivity in 

a region below the observation point where most of the electric current is focused. The 

PT relates the electric to the magnetic field phase, whereas the RPT, which is also a 

function of the PT, quantifies the phase relationships between the electric field and 

apparent current density. 

The data are visualized according to Hering et al. (2019), where the tensors are plotted as 

ellipses with the principal axes normalized by the value of the major axis. The numerical 

values of the major and the minor axis are reflected by the colour of the ellipse and the 

colour of a superposed bar, respectively. In this plotting scheme, the responses for an 

isotropic 1-D subsurface (RT, PT, RPT) and a homogeneous anisotropic half space (PT, 

RPT) are reflected by a plain circle, whilst elongated ellipses and clearly visible minor 

axis bars indicate a higher dimensional resistivity structure or a 1-D layered anisotropic 

medium. For homogeneous or 1-D anisotropic media, the RT principal axes align with 

the anisotropy directions. In case of higher-dimensional subsurface structures, that also 

include near surface distortions, the strike of the anisotropy can only be inferred from the 

RPT and the PT. Here, the major axis of the RPT indicates the horizontal direction of the 

maximum apparent induction current density. The PT ellipse has similar properties where 

the direction of its major axis points towards the preferred flow direction of the induction 

current (Hering et al., 2019 following Caldwell et al., 2004). 

For reason of space, in this paper we focus on the RT and the PT to present the amplitude 

and phase information of the observed data and modelled response. 

Another measure to describe subsurface structures is given by the induction vector 

(Tipper). It compares the vertical magnetic field component Bz to the horizontal magnetic 

fields Bx and By: 
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The period-dependent, complex transfer function T⃑ can be visualized as vectors in the 

horizontal plane, for real and imaginary parts separately. Induction vectors are sensitive 

to lateral resistivity gradients. Therefore, they are absent in case of an isotropic or 

anisotropic 1-D subsurface (Heise et al., 2006), whereas in higher dimensional 

environments their real parts point into the direction of laterally increasing resistivity 

(Wiese, 1962). As shown by Müller and Haak (2004), topographical effects have a 

significant impact on the vertical magnetic field at short periods. This results in a distinct 

induction vector response, with the real parts pointing radially away from the center of 

elevation. 

The influence from topography on the short (inductive and galvanic) and long period 

(galvanic) MT response is an example of distortion, which must be accounted for during 

the interpretation stage. The most accurate way is to incorporate the topography data in 

the modelling approach. 

During the field survey at Ceboruco Volcano, 25 MT stations were deployed in a 10 × 

10 km2 area, covering the calderas and the foreland of the volcano (Fig. 2b). The data 

were processed using a multivariate approach, based on the eigenvalue decomposition 

method by Egbert (1997). The processing includes a robust estimation of the spectral 

density- and the noise covariance matrix and minimizes distortion from coherent and 

incoherent noise (Hering, 2019). The isotropic 3-D inversion in Section 5.1 was 

performed using the finite difference (FD) 3-D MT inversion code ModEM, which is 

based on a nonlinear conjugate gradient algorithm (Kelbert et al., 2014). The anisotropic 

3-D forward model in Section 5.2 was calculated in the Comsol Multiphysics® 5.3a 

environment. The model discretization in Comsol is based on a finite element (FE) 

approach. More detailed information about forward modelling in Comsol is given 

in Hering et al. (2019). Examples of its application are shown in Hering et al. 

(2019), González-Castillo et al. (2015) and Löwer and Junge (2017). 
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4. Processing results 

Two representative sites emphasize the data quality and illustrate the different data 

responses for stations located in the foreland (LF3) and in the caldera/crater (BB23) of 

Ceboruco Volcano (Fig. 3). The shortest periods at site LF3 reveal a homogeneous pattern 

and primarily resemble a 1-D situation. Here, the induction vectors are negligible and 

decreasing apparent resistivity (ρa, Z and Ua) and increasing phase values (φ and ϕ) imply 

a transition to a conductive layer. For periods longer than 1 s, a significant split between 

the off-diagonal apparent resistivity and phase curves and the RT and PT major and minor 

axes indicates a clear deviation from an isotropic 1-D environment. At the same time, the 

size of the induction vectors remains negligible. Site BB23 is located in the outer caldera 

of the volcano and features strong topographical effects in the period range between 

10−4 and 0.05 s. This is manifested by large induction vectors and a distinct phase split. 

With increasing period (0.05 – 1 s) the response functions show a transition to a conductor 

(similar to site LF3) and correspond to a 1-D situation. To the long-period end (1 – 100 

s) phase and apparent resistivity reveal the constant split that is also observed at site LF3. 

Coincidentally, the induction vectors imply higher dimensionality for periods between 1 

and 10 s, but they become very small towards the longest periods. 

 
Fig. 3. Data examples for a station in the foreland (site LF3) and a station in the caldera (site BB23). (a) 

Off-diagonal impedance tensor components (Zxy and Zyx), shown as apparent resistivity (ρa, Z) and phase 

(φ) in dependence of the period. The area represents the 95% confidence interval. (b) Period-dependent 

induction vectors, phase tensors (PT, ϕ) and resistivity tensors (RT, Ua). The data at site LF3 resembles 

a 1-D situation at the short periods (10−4–1 s). For the long periods, a significant phase split coincides 

with very small induction vectors. The short periodic data at site BB23 are dominated by topographic 

distortion, which results in a static shift of the long-period resistivity response (Ua and ρa, Z). 

 

https://www.sciencedirect.com/science/article/pii/S0377027321002110?via=ihub#f0015


In Fig. 4a the RT, PT and induction vector responses are shown for up to 20 selected 

stations for two representative target periods of 0.006 s (180 Hz) and 55 s. At the shorter 

period, stations in the foreland of the volcano show a very homogeneous pattern, featuring 

a 1-D PT response and mostly negligible induction vectors. Phases above 45° indicate a 

transition to a conductor. Stations located in the inner and outer caldera are strongly 

influenced by topographical effects. The results at 55 s reveal a large and spatially 

constant split between the tensors principal axes of Ua and ϕ. Here, the orientation of the 

PT is very consistent, with the major axes pointing east-south-east (ESE) and the minor 

axes pointing north-north-east (NNE). In case of the RT, the orientation of the principal 

axes is less stable. This is related to near-surface distortion (e.g., due to topography), 

which, in the case of the RT, extends to the longest periods (static shift effect, see Hering 

et al., 2019). The major and minor axes of the RT feature resistivity of 10−100 Ωm and 

0.5−5 Ωm, with the maximum resistivity in ESE and the minimum resistivity in NNE 

direction, respectively. The induction vectors at 55 s are negligible (<0.07). 
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Fig. 4. (a) Spatial data response for the PT (ϕ), RT (Ua) and induction vectors (left to right) for periods 

of 0.006 s (top) and 55 s (bottom). The black line in the upper-left plot marks the profile in b. (b) 

Period-dependent phase tensors projected on a North-South profile through the measurement area. 
 



In general, the processing results are very consistent and follow a distinctive pattern at all 

stations. In Fig. 4b period-dependent phase tensors are shown for 20 stations, projected 

on a profile through the measurement area in the north-south direction. At all stations, the 

transition to a conductive 1-D subsurface structure is implied by very high PT values (up 

to 80°) over a large frequency range. For stations located at higher elevations, 

topographical (3-D) effects dominate the shortest periods. For periods above 10 s, a large 

split between the tensors' principal axes and concurrent directional alignment is observed 

at all stations. 

 

5. 3-D modelling 

5.1. Isotropic inversion 

In this section, results for the Ceboruco data are presented for a joint inversion of the full 

MT response tensor (Z) and induction vectors (T⃑) for periods between 10−3 and 118 s (3 

target periods per decade). The inversion is weighted by the data errors. To account for 

very small errors, an error floor of 5% of |Zij| is implemented for the off-diagonal 

components and 5% of |Zxy × Zyx|1/2 for the diagonals. For the induction vectors, an error 

floor of 0.02 is applied. 

The dimensions of the model domain are 600 km × 600 km × 330 km (x, y, z). The 

horizontal extensions of the inner domain are 12 km × 10 km (x, y) (Fig. 5a). In the inner 

model, the grid elements have a size of 150 m in the horizontal direction. Outside the 

inner domain, they increase by a factor of 1.5 until the total model extension of 600 km. 

In the vertical direction the size of the first layer (at z = 780 m) is 30 m. With increasing 

depth, the thickness increases by a factor of 1.15 until a maximum depth of 330 km. 

Topography is included by 41 additional horizontal layers with 30 m thickness each. A 

high-resolution (10 m) elevation model of Ceboruco Volcano (Ryan et al., 2009) is 

interpolated on the FD grid and a starting model resistivity of 100 Ωm is assigned to cells 

below the topographic surface (fixed values of 1010 Ωm to air-cells). The resulting model 

has 1.016.500 cells (107 × 100 × 95). The inversion is calculated using a covariance 

smoothing of 0.3 in x-, y- and z-direction. The final model requires 75 iterations and 

yields a normalized RMS (nRMS) of 0.94. 
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Fig. 5. Inversion results. (a) Inversion grid for the inner high-resolution domain. The topography data of 

the measurement area has been interpolated on the FD grid. (b) 4 horizontal slices (1.5 km, 1.2 km, 0 km 

and −2 km) and 2 vertical cross-sections through the final inversion model. The resistivity values 

correspond to the colour bar in a. The central conductor is marked as C1, the overlaying conductive 

feature in the edifice as C2. Topography is indicated by the grey contour lines. (c) Horizontal slice 

through the resistivity model at −0.5 km, overlain by the contour lines of the Bouguer 

anomaly from Fernández-Córdoba et al. (2017). The gravity anomaly ranges from −110 mGal in the 

edge regions to −140 mGal in the center of the model. There is a remarkable congruence between regions 

of low resistivity and negative gravity anomalies, especially for the anomaly beneath the edifice of the 

volcano. 
 

The final resistivity model (Fig. 5b) is visualized by four horizontal slices (1.5 km, 1.2 

km, 0 km, and −2 km) and two vertical depth sections (at 0.5 km northing and 0.5 km 

easting). The volcanic edifice features a conductive anomaly (with a minimum value of 

1.2 Ωm, marked as C2 in Fig. 5b), embedded in a resistive environment (up to 10 kΩm) 

(see horizontal slice at 1.5 km or vertical sections). The horizontal section at 0 km reveals 

different zones of low resistivity, including a pronounced anomaly (with a minimum value 
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of 1.5 Ωm) in the center of the model (marked as C1 in Fig. 5b). At −2 km the model 

becomes more homogeneous and comprises a conductive region with resistivity between 

10 and 50 Ωm. Additionally, starting from 2 km depth, a resistive structure (~200–500 

Ωm) is observed in the north-western part of the model. At greater depth, the conductor 

vanishes and the resistivity in the measurement area equals the resistivity of the starting 

model (cf. vertical depth sections and horizontal slice at −10 km in Fig. 7a, top-left panel). 

Here, the inversion algorithm creates large resistivity contrasts within a 200 km × 200 km 

area, reaching far outside the actual area of investigation. 

The MT method is sensitive to the conductance, defined as the product of the thickness 

of a layer and its electrical conductivity (reciprocal of resistivity), and it is difficult to 

determine thickness and resistivity values separately (Weidelt, 1985). Hence, the lower 

boundary and the absolute resistivity of the conductive region between 0.8 km and −2 km 

(cf. vertical sections in Fig. 5b) is non-unique, whereas the position of the upper boundary 

is much better resolved. Further, it is unclear if the different zones of low resistivity in the 

horizontal section at 0 km are connected. For short periods, and hence small investigation 

depths, the inversion is insensitive to the areas between the measurement sites, which are 

not governed by the induction volume. Looking at the vertical section in Fig. 5b, the 

inversion algorithm creates a vertical separation between the conductors C1 and C2. This 

feature is hardly verifiable since the resolution of two superimposed conductors is a weak 

spot of the MT method. We implemented a smooth transition between the topography 

mesh and the underlying general mesh to exclude any artifacts related to a discontinuous 

discretization of the vertical mesh in the depth range of the two anomalies. Further, the 

high-frequency data (10−4–10−2 s) require a conductor within the edifice since the 

observed phase split and the size of the induction vectors is not exclusively attributable 

to distortion from topography. The response of conductor C1 is clearly reflected in the 1-

D PTs for periods between 10−2 and 10–0.5 s. We are therefore very confident about the 

existence of C1 and C2, but we cannot be specific about the separation between both 

conductors. 

In Fig. 6a, the nRMS is shown in dependence of the target period. It demonstrates the 

excellent data fit of the inversion, especially for periods between 10−2 and 1 s. Modelled 

and observed responses are compared for off-diagonal apparent resistivity and phase 

curves and induction vector responses at site LF3 (Fig. 6b). The comparison confirms the 

good data fit, but it also reveals an underestimation of the observed phase split at periods 
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longer than 10 s. This is a systematic spatial pattern, which is reflected in an 

overestimation of the RT minor axes and an underestimation of the PT major axes 

(see Fig. 6c). 

 

Fig. 6. Data fit of the inversion (overall nRMS: 0.94). (a) Normalized RMS in dependence of the target 

period. In grey: RMS for the individual sites, in black: RMS for Site LF3, in red: RMS for all sites. (b) 

Data fit for the off-diagonal components of the MT response tensor (apparent resistivity ρa, z and 

phase φ) and induction vectors (real and imaginary part of Tzx and Tzy) for site LF3. Areas: observed data, 

solid lines: modelled data. (c) Observed (top) and modelled (bottom) tensor responses and induction 

vectors for a period of 55 s (from left to right: PT, RT and induction vectors). The data fit is generally 

very good; however, there is a systematic misfit for the minor axes of the RT and the major axes of the 

PT (c.f. Fig. 7c). (For interpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 
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To fit the long period data, the inversion generates a symmetric pattern of large-scale high 

resistivity contrasts (ratio 1:1000), reaching far outside the area of investigation (Fig. 

7a left column). Those structures could be a result of the relatively small survey area and 

concurrently long target periods. In such a setting, the algorithm might preferably place 

structures in the outer model domains to avoid inconsistencies between the data from 

individual sites. To test if the inversion finds an alternative model, we run two additional 

inversions with cells in the outer domains set to a constant value of 100 Ωm. In one case 

we fix cells farther than 20 km (Fixed 1, see Fig. 7a center column) and in the other case 

cells farther than 7.5 km (Fixed 2, see Fig. 7a right column) from the center of the model. 

The latter case defines an area only marginally larger than the survey area. The results 

show that in both cases the algorithm keeps the resistivity contrasts as far to the outside 

as possible. Here, the contrast increases with decreasing (free) model space (Fixed 1: 

1:9000, Fixed 2: 1:70000). At the same time the data fit at the long periods worsens 

(see nRMS in Fig. 7b) and the mean deviation between the modelled and observed tensor 

principal axes increases (Fig. 7c). Still both fixed inversions converge to an nRMS below 

1 (Fixed 1: 0.96 after 95 iterations, Fixed 2: 0.97 after 142 iterations). However, this is 

only achieved by overfitting the data in the low-period range (nRMS partially below 0.5). 
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Fig. 7. Effect of a fixed outer model domain on the inversion model and data fit. (a) Depth sections 

(−10 km) and vertical cross sections for different inversion runs. With decreasing free model space, the 

large resistivity contrasts in the outer cells of the models increase. Left column: no fixed cells (free 

inversion, see Fig. 5), center column (Fixed 1): all cells farther than 20 km from the center fixed, right 

column (Fixed 2): all cells farther than 7.5 km from the center fixed. (b) nRMS in dependence of the 

target period. With decreasing free model space, the nRMS at the long periods worsens. At the same time 

the inversion overfits the high frequencies to reach the target RMS of 1. (c) Mean deviation between the 

modelled and observed tensor principal axes in dependence of the target period (top: PT ϕ, bottom: 

RT Ua). For all inversions there is a systematic misfit for the minor axes of the RT and the major axes of 

the PT, which increases with decreasing free model space (a difference of up to 20° for the Fixed 2 

inversion). 

 

We conclude that the exceptionally high resistivity contrasts outside the survey area are 

the only isotropic approach to match the large split of the tensor principal axes (RT and 

PT) and the concurrent small induction vectors that are observed at the longest periods. 

From a geological perspective, there is no explanation for the modelled resistivity 
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structures, which gives the rationale to investigate electrical resistivity anisotropy to 

explain the observations. 

5.2. Anisotropic forward model 

If a phase split (e.g., between the PT principal axes) occurs within a certain frequency 

range, this can either be due to a lateral resistivity contrast or an anisotropic layer 

embedded in an isotropic medium (Heise et al., 2006). In the first case, the phase split 

varies spatially, depending on the distance and the location to the resistivity contrast. In 

addition, the vertical magnetic field response (induction vectors) differs from zero, 

especially above the contrast. For the anisotropic case, however, the induction vectors 

vanish, and the phase split is spatially constant. The second case does not necessarily 

indicate bulk anisotropy, as the electrical properties of the anomalous structure might vary 

on a small scale, which cannot be resolved by the MT method, and thus resemble an 

anisotropic behavior (e.g., thin dikes at greater depth) (Wannamaker, 2005; Häuserer and 

Junge, 2011). If an isotropic inversion is applied to synthetic data resulting from an 

anisotropic structure, anomalous isotropic bodies with large resistivity contrasts outside 

the observational area are required to minimize the data misfit (Löwer and Junge, 2017). 

Another prominent example for effects from anisotropy in isotropic inversions is given 

in Meqbel et al. (2014) for the USArray data set. 

The processing results from the Ceboruco data feature a spatially constant phase split, 

which coincides with very small induction vectors for periods between 10 and 100 s 

(cf. Fig. 4 and Fig. 6c). Furthermore, the inversion generates resistivity structures far 

outside the measurement area (cf. Fig. 7a) to fit the long-period data by an isotropic 

model. The resulting resistivity contrasts are extremely high (between 1:1000 and 

1:70000), but they do not entirely reproduce the observed data (Fig. 6, Fig. 7c). All these 

findings are strong indicators for electrical anisotropy. 

The numerical solution of the general anisotropic 3-D inverse problem is highly complex 

and there is no appropriate code available in the MT community. To circumvent this 

limitation, we use the Comsol Multiphysics® 5.3a FE software package, which offers a 

forward-solver for an arbitrary 3-D anisotropic resistivity distribution and adopt the upper 

inversion model from Fig. 5 (free inversion) within a horizontal distance less than 15 km 

from the model center. Outside that area, the resistivity is gradually adjusted to a 

homogeneous background value of 100 Ωm. The resistivity values of the inversion cells 

are interpolated on the Comsol FE grid and two (horizontally infinite) anisotropic layers 
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are added, complementing the isotropic model at greater depth. The topography of 

Ceboruco (Ryan et al., 2009) is implemented as a parametric surface, using an 

exceedingly fine discretization (see Fig. 8a). 

 

Fig. 8. An anisotropic 3-D model of Ceboruco Volcano. (a) Comsol FE grid in the inner model domain. 

(b) Anisotropic model of Ceboruco. The upper part of the model is defined by the results from the 3-D 

inversion in ModEM. Below 10 km depth, two anisotropic layers are added. Bottom left: orientation and 

values of the anisotropy principal axes, bottom right: vertical cross section in East-West direction. The 

central conductor is marked as C1, the overlaying conductive feature in the edifice as C2. 

 

The strike of the anisotropy is defined by the mean orientation of the PTs at periods larger 

than 10 s. To determine the additional properties of the anisotropic layers, fifteen forward 

models with varying depth of the upper boundary and different anisotropy principal axes 

(ρx, ρy and ρz) are calculated. The resistivity in the z-direction equals the conductive 

horizontal anisotropy axes (in this case ρx). The nRMS is calculated for periods between 

10−3 and 118 s, considering the full MT response tensor (Z) and the induction vectors 
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(T⃑). The best-fit model (nRMS of 1.24) comprises one anisotropic layer between 10 and 

14 km b.s.l. with anisotropic resistivity of 100 Ωm in north-direction (ρx) and 1000 Ωm 

in east-direction (ρy), and one layer between 14 and 30 km b.s.l. with resistivity of 2 Ωm 

and 80 Ωm, both rotated clockwise by 20°. 

We emphasize that although this model excludes most of the large-scale resistivity 

anomalies in the outer model domain of the isotropic inversion (free run, cf. Fig. 7a), the 

long period response will be a superposition of effects coming from the anisotropic layers 

and isotropic structures in the upper part of the model. The inclusion of a more resistive 

anisotropic layer between 10 and 14 km b.s.l. improved the data fit in the period range 

between 1 and 10 s, which features decreased phases and slightly increased apparent 

resistivity values. However, the resolution of resistors is challenging and there might be 

various other models that explain the observed data, including a resistive isotropic 3-D 

structure in the depth-range between −5 and −10 km and a concurrently more conductive 

anisotropic Layer 1. A 3-D plot of the final resistivity model, the properties of the 

anisotropic layers and a vertical cross-section in East-West direction are shown in Fig. 

8b. 

The data fit of the anisotropic forward model is shown in Fig. 9. Compared to the isotropic 

inversion, the nRMS (Fig. 9a) is slightly inferior, which relates to the manual 

optimization, that does not explicitly account for the interaction between the anisotropic 

layers and the overlying 3-D structures from the isotropic approach. Further, small 

differences in the discretization of the topography in ModEM and Comsol result in a static 

distortion of the resistivity tensor (Ua), even at long periods. On the other hand, the misfit 

of Ua and ϕ is no longer systematic, the fit of the PT major axes improved significantly 

(Fig. 9b and c) and, most important, the anisotropic model provides a far more realistic 

explanation of the observed data (resistivity contrasts of 1:10 and 1:40 for Layer 1 and 

Layer 2, respectively). 
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Fig. 9. Data fit of the anisotropic forward model (nRMS: 1.24). (a) nRMS in the period range between 

10−3 and 180 s. In grey: nRMS for the individual sites, in red: nRMS for all sites. The overall data fit is 

slightly worse as compared to the isotropic inversion (dashed black line), which features an nRMS of 

0.94. (b) Mean deviation between the modelled and observed tensor principal axes in dependence of the 

period. The dashed lines indicate the mean deviations related to the (free) isotropic inversion model 

(cf. Fig. 7c). c) Observed and modelled tensor responses and induction vectors for a period of 55 s (from 

left to right: PT, RT and induction vectors). There is no systematic misfit for the tensor principal axes, 

but the modelled induction vectors are slightly too small. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.) 

 

6. Geological implications 

A few existing geological and geophysical studies focus on the deep structure of Ceboruco 

Volcano and highlight the presence of a magma reservoir at shallow depth (Nelson, 
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1986; Fernández-Córdoba et al., 2017; Sawires and Aboud, 2019). The newly gained 

insights into the subsurface electrical resistivity distribution significantly improve our 

understanding about the internal structure of the volcano. The interpretation of the 

anisotropic model from the previous section is summarized in a schematic depiction 

in Fig. 10b. 

 

Fig. 10. The tectonic and hydrothermal setting at Ceboruco Volcano. (a) Top: The Sierra Madre 

Occidental (SMO) separates from the Jalisco Block in the north-east direction, shaping the Tepic-

Zacoalco Rift (TZR) and locally the San Pedro – Ceboruco half-graben (SPCG). Bottom: orientation of 

the resistivity axes of the two anisotropic layers below Ceboruco (see Fig. 8b, Layer 1 in blue, Layer 2 

in red). (b) Schematic depiction of the subsurface structure beneath Ceboruco Volcano. In combination 

with the tectonic stress-field in the San Pedro – Ceboruco half-graben (SPCG), a large mush zone below 

10 km depth causes a ductile deformation of the host rock, resulting in electrical 

anisotropy. Dikes connect the deeper magma storage to a shallow magma reservoir beneath the volcanic 

edifice. This smaller heat source is the catalyst for a large geothermal reservoir, that is observable as a 

conductive layer within the entire measurement area. The upper boundary of the reservoir is at ~800 m, 

the exact depth of the lower boundary is not well constrained. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 

 

According to Ferrari and Rosas-Elguera, 2000, the North American plate drifts in a north-

east direction and separates from the Jalisco block (see Fig. 10a), which results in several 

system of grabens, half-grabens, and faults. The San Pedro – Ceboruco half-graben is 

defined by WSW-ESE striking faults and is bounded by the Jalisco Block to the SSW and 

the SMO to the NNE (Ferrari et al., 2003). This implies that the conductive axes of the 

two anisotropic layers in our model (2 Ωm and 100 Ωm) are parallel to the local rifting 
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direction (cf. Fig. 10a). Consequently, the observed anisotropy does not relate to fluids 

within fault systems (brittle deformation), but to ductile deformation at mid-crustal depth. 

Several MT studies attribute large conductive zones in the mid- and lower-crust to melt-

filled mush zones, which act as magma storage systems supplying smaller near-surface 

reservoirs. Samrock et al. (2018) determine the location of a lower melt-feeding system 

in the Main Ethiopian Rift to 14 km b.s.l. The melt fraction is estimated between 6% at 

the borders and 20% in the central region. The depth-location of the lower-crustal mush 

zone between Mount St Helens and Mount Adams is presumed between 15 and 20 km 

b.s.l. (Hill et al., 2009; Bedrosian et al., 2018), with melt-fractions varying between 2 and 

12%. Comeau et al., 2016 interpret a low conductivity zone below Uturuncu Volcano in 

the southern Bolivian Altiplano as an andesitic melt reservoir (~15% interconnected 

melt), located 14 km b.s.l. The depth estimates agree well with the location of the 

anisotropic layers in our model (see Fig. 8b). We therefore argue that the anisotropic part 

of our model reflects a mid to lower crustal mush zone with an upper boundary between 

10 and 14 km b.s.l. Our soundings do not resolve the lower-boundary and horizontal 

extensions of this magma reservoir (inappropriate period range and survey area). The 

directional dependence of the electrical resistivity relates to the local tectonic stress-field 

in the TZR and the San Pedro – Ceboruco half-graben, which causes a ductile deformation 

of the rock matrix. Melt inclusions that are concentrated along foliation planes within the 

host rock (e.g., Wannamaker, 2005) result in a significantly increased conduction in 

rifting direction. This effect is further enhanced by the preferred magma storage geometry, 

which, in case of an extensional stress-field in the lower crust, results in horizontally 

aligned sills (Maccaferri et al., 2014; Samrock et al., 2018). 

We estimate melt fractions for a dacitic melt originating from the lower crust, using a 

two-phase mixing model based on a modified Archie's Law (Pommier and LeTrong, 

2011; Glover et al., 2000). The calculations include laboratory measurements 

from Laumonier et al. (2015), the petrological parameters follow Luhr (1992) and Ferrari 

et al. (2003) (65% SiO2, 1050 °C, 700 MPa). Fig. 11b shows the required melt fraction in 

dependence of the water content for varying resistivity (1, 2, 3 and 5 Ωm) of the 

conductive axis of the lower anisotropic layer. The data fit for the different anisotropic 

forward models is almost equal (nRMS in the range between 1.24 and 1.3) and the 

differences between the 1-, 2- and 3-Ωm models lie within the limits of the data errors 

(mean deviations for the PT major axes <3°; see Fig. 11a). Luhr (1992) estimated a water 
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content of not more than 3 wt% for lava samples collected at Ceboruco. The associated 

fractions of interconnected melt are 53, 25 and 14% for the 2-, 3- and 5-Ωm models, 

respectively. The first case seems unrealistically high, although Hill et al. 

(2015) suggested melt fractions between 18 and 45% for a magma reservoir at Tongariro. 

The 1-Ωm model requires at least 4.5 wt% of water. If we assume a slightly higher water 

content than Luhr (1992) (i.e., 3.5–4 wt%), the melt fractions reduce to ~20–30% for the 

2-Ωm model and ~ 15–20% for the 3-Ωm model. These values are comparable to 

observations from the Main Ethiopian Rift (20%; Samrock et al., 2018), but are distinctly 

larger than, e.g., for Mount St Helens/Mount Adams (2–12%; Hill et al., 2009; Bedrosian 

et al., 2018) or Uturuncu Volcano (~15%, Comeau et al., 2016). This may be indicative 

for an increased amount of melt in rifting related (mid/lower) crustal mush zones as 

compared to magma reservoirs in subduction zones. The extensional stress field enables 

decompression melting (e.g., Rooney, 2010; Lee et al., 2016) and allows for large, 

interconnected sill complexes (Maccaferri et al., 2014), shaping the magma-supply 

system beneath Ceboruco. 

 

Fig. 11. Estimation of the melt fraction in the mid- to lower-crustal mush zone. (a) Mean deviation 

between the modelled and observed PT major axes for different resistivity (1, 2, 3 and 5 Ωm) of the 

conductive axis of the lower anisotropic layer. The deviation is smallest for the 2-Ωm model, but the 

differences are generally small (all models yield nRMS between 1.24 and 1.3). (b) Required melt fraction 

(Pommier and LeTrong, 2011) for different resistivity of the conductive axis of the lower anisotropic 

layer in dependence of the water content. The dashed square marks the likely range between 2 and 4 wt% 

H2O and a melt fraction of 10–40%. 

 

The resistive anisotropy axis of the lower layer (80 Ωm) implies not more than 1% of 

interconnected melt (in the corresponding direction, the absolute melt fraction is equal to 

or larger than the melt fraction related to the conductive axis). For the upper anisotropic 
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layer (Layer 1, resistivities of 100 and 1000 Ωm), the calculated melt fractions are 

negligible. However, the two anisotropic layers simulate a smoothly decreasing 

resistivity, reflecting an increasing melt fraction with depth. As mentioned in the previous 

section, the resistivity values of the upper anisotropic layer are not well constrained, and 

they may well be more conductive if the layer is covered by a resistor (located 5–10 km 

b.s.l.). 

The model of the upper crust is almost uniform in the depth range between −5 and −10 

km (within the extensions of the survey area) and most of the resistivity structures are 

placed in the outer model domains. A slightly more resistive anomaly to the north-east 

(~200–500 Ωm, cf. Fig. 5b, horizontal section at −2 km) could be associated with 

ignimbrites and rhyolites in the Sierra Madre Occidental (Sieron and Siebe, 2008). From 

a geological point of view, dikes reaching close to the surface are essential to explain a 

possible magma reservoir at shallow depth (C1). However, their impact on the MT 

response would only become significant if they were interconnected and would form 

larger networks within the rock matrix. 

The near-surface resistivity model of Ceboruco is in very good agreement with existing 

geological and geophysical models. The andesitic and dacitic flanks of the volcano are 

highly resistive (up to 104 Ωm) and the location of the conductor C1 coincides with a 

suspected magma reservoir from Nelson (1986), the negative gravity 

anomaly from Fernández-Córdoba et al. (2017) and the positive magnetic 

anomaly from Sawires and Aboud (2019). The comparison between our resistivity model 

und the Bouguer anomaly from Fernández-Córdoba et al. (2017) reveals a remarkable 

correspondence between the conductive domains and negative gravity anomalies (cf. Fig. 

5c). The anomaly has a minimum resistivity of 1.5 Ωm and is therefore likely to be 

magma/partial melt. Assuming 5 wt% H2O (interaction with hydrothermal fluids), the 

melt fraction yields 10–15% (2- and 3-Ωm models). Alternatively, anomaly C1 could 

define a clay cap covering a geothermal reservoir (Pellerin et al., 1996; Browne, 

1978; Bibby et al., 1998). 

Due to the extensional dynamics in the TZR, the different andesitic, rhyolitic and 

ignimbritic successions beneath Ceboruco are traversed by large systems of faults and 

cracks, predominantly striking in WNW-ESE direction (Ferrari et al., 2003). Further, a 

conglomerate layer at ~700 m (Ferrari and Rosas-Elguera, 2000) is expected to have a 

higher porosity than the surrounding material. Hence, a shallow-reaching magma 
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reservoir may act as a heat source for hydrothermal fluids that circulate within a large 

joint-system of cracks, faults and pores. In our model, this geothermal reservoir is 

observed as a conductive layer (10−50 Ωm) within the entire measurement area. The 

upper boundary of the reservoir is at approximately 800 m a.s.l., its lower boundary at 2 

km b.s.l. is less well constrained. 

The conductive feature within the volcanic edifice (C2) has a minimum resistivity of 1.2 

Ωm and could be related to ascending partial melt/magma, consistent with 

observed volcanic earthquake activity (e.g., Rodríguez Uribe et al., 2013). With regard to 

the underlying heat source (C1), enhanced rock alteration and associated clays 

(e.g., Pellerin et al., 1996; Muñoz, 2014) and accumulations of meteoric fluids are also 

plausible. 

7. Conclusion 

The magnetotelluric technique has proved to be an effective tool to investigate the 

volcanic system beneath Ceboruco Volcano over a broad depth range. The data require an 

anisotropic 3-D resistivity model with structures ranging from small-scale variations 

within the volcanic edifice to large-scale anisotropic anomalies at mid- to lower-crustal 

depths (10–30 km b.s.l.). The interpretation of the resistivity model links a shallow 

geothermal reservoir to the magmatic system of Ceboruco Volcano and to the tectonic 

setting in the Tepic-Zacoalco Rift. Our results show that electrical anisotropy is a useful 

parameter to study the dynamics in rift settings. The ductile deformation of the host rock 

below 10 km depth causes a preferred orientation of grain surfaces and directionally 

reduces the electrical resistivity due to interconnected melt within a large mush zone. 

Here, the conductive anisotropy axis is directly indicative for the local rifting direction. 

Our modelling studies yield comparably high melt fractions between 15 and 30%, which 

we dedicate to large sill complexes related to the extensional stress field in the rift. 

The observed magma reservoir between 0.8 km a.s.l. and 2 km b.s.l. is consistent with 

results from existing gravimetric and magnetic studies. Here, the remarkable congruence 

between the conductive domains and negative gravity anomalies gives an almost unique 

example for the relation between the two different quantities in magmatic systems. 

The shallow magma storage serves as a heat source for an extensive hydrothermal 

reservoir, which is observed as a conductive layer within the entire measurement area. 

The upper boundary of the reservoir is at approximately 0.8 km a.s.l. (~200–500 m below 
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surface in the foreland), the position of the lower boundary is less well constrained. A 

conductive anomaly within the volcanic edifice is related either to enhanced rock 

alteration and clay minerals or to accumulations of ascending melt. 

To fit the long period data, the isotropic 3-D inversion gives rise to symmetric large-scale 

resistivity anomalies, which enable a good data fit but are inconsistent with the 

known geology. Therefore, we present an alternative model, which includes two 

anisotropic layers between 10 and 30 km depth. It provides a far more realistic 

explanation for the observed data, reduces resistivity contrasts by a factor of 25 compared 

to an isotropic model, eliminates a systematic data misfit and improves the fit of the phase 

tensors at long periods. 
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