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A B S T R A C T   

The region of West Bohemia and Upper Palatinate belongs to the West Bohemian Massif. The study area is sit-
uated at the junction of three different Variscan tectonic units and hosts the ENE-WSW trending Ohře Rift as well 
as many different fault systems. The entire region is characterized by ongoing magmatic processes in the intra- 
continental lithospheric mantle expressed by a series of phenomena, including e.g. the occurrence of repeated 
earthquake swarms and massive degassing of mantle derived CO2 in form of mineral springs and mofettes. 
Ongoing active tectonics is mainly manifested by Cenozoic volcanism represented by different Quaternary vol-
canic structures. All these phenomena make the Ohře Rift a unique target area for European intra-continental 
geo-scientific research. With magnetotelluric (MT) measurements we image the subsurface distribution of the 
electrical resistivity and map possible fluid pathways. Two-dimensional (2D) inversion results by Muñoz et al. 
(2018) reveal a conductive channel in the vicinity of the earthquake swarm region that extends from the lower 
crust to the surface forming a pathway for fluids into the region of the mofettes. A second conductive channel is 
present in the south of their model; however, their 2D inversions allow ambiguous interpretations of this feature. 
Therefore, we conducted a large 3D MT field experiment extending the study area towards the south. The 3D 
inversion result matches well with the known geology imaging different fluid/magma reservoirs at crust-mantle 
depth and mapping possible fluid pathways from the reservoirs to the surface feeding known mofettes and spas. 
A comparison of 3D and 2D inversion results suggests that the 2D inversion results are considerably characterized 
by 3D and off-profile structures. In this context, the new results advocate for the swarm earthquakes being 
located in the resistive host rock surrounding the conductive channels; a finding in line with observations e.g. at 
the San Andreas Fault, California.   

1. Introduction 

The cross-border region of West Bohemia and Upper Palatinate be-
tween the Czech Republic and Germany belongs to the western part of 
the Bohemian Massif. The Bohemian Massif developed approximately 
between 500 and 250Ma during a period of large-scale crustal conver-
gence, subduction, collision of continental plates and microplates as 
well as post-collisional extension (Matte et al., 1990). Nowadays, this 
region is situated at the junction of three different Variscan tectonic 
units and is characterized by the intersection of the ENE-WSW trending 

Ohře (Eger) Rift and a multitude of different fault systems. The Ohře Rift 
is part of the seismically active European Cenozoic Rift System and 
represents its easternmost termination (Ziegler, 1992; Prodehl et al., 
2006). The entire area currently shows activity from magmatic pro-
cesses in the intra-continental lithospheric mantle (e.g Geissler et al., 
2005; Bräuer et al., 2009; Muñoz et al., 2018), similar to the Basin and 
Range Province in the western United States (Jarchow et al., 1993) or 
the Eifel and the Massif Central in Europe (Ziegler, 1992; Prodehl et al., 
1995). These processes take place in the absence of active volcanism at 
surface, but are expressed by a series of phenomena, including e.g. the 
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occurrence of repeated earthquake swarms (e.g. Horálek and Fischer, 
2009; Fischer et al., 2014, and references therein) and massive degassing 
of mantle derived CO2 in the form of mineral springs and mofettes (e.g. 
Bräuer et al., 2005, 2008; Kämpf et al., 2013; Weinlich, 2014). Mofettes 
are sites of natural, cold, magmatogene CO2 degassing (Flechsig et al., 
2008) and can occur as dry as well as wet mofettes. In the latter case, the 
gas is transported through water close to the surface and the dissolved 
CO2 causes an increase of the electrical conductivity within fluids. 

Active tectonics in the study area is mainly manifested by Cenozoic 
volcanism represented by different Quaternary volcanic structures e.g. 
two scoria cones (Železná and Komorní hůrka) and several maar struc-
tures (e.g. Mrlina et al., 2009; Rohrmüller et al., 2018; Mrlina et al., 
2019; Hošek et al., 2019) some tens of kilometres away from the zone of 
earthquake swarms. Based on geo-thermobarometry, a depth range of 
25 to 40km is assumed to be the intrusion level for the alkaline melts in 
the past and also presently (Geissler et al., 2007). All these phenomena 
make the Ohře Rift a unique target area for European intra-continental 
geo-scientific research. Therefore, an interdisciplinary drilling pro-
gramme advancing the field of earthquake-fluid-rock-biosphere inter-
action was funded within the scope of the International Continental 
Scientific Drilling Program (ICDP, Dahm et al., 2013, 2016). This pro-
gramme continues and expands previous active seismic and passive 
monitoring experiments as well as magnetotelluric (MT) experiments (e. 
g. DEKORP Research Group, 1987; Červ et al., 1997a, 1997b; Enderle 
et al., 1998; Červ et al., 2001; Eisel et al., 2001; Oettinger et al., 2001; 
Grad et al., 2008; Hrubcová et al., 2013; Mullick et al., 2015) over the 
last decade to study the crustal and upper mantle structure mainly in the 
context of the former KTB drilling at Windisch-Eschenbach, Germany 
(Kontinentale Tiefbohrprogramm der Bundesrepublik Deutschland 
(KTB); Emmermann and Lauterjung, 1997, and references therein). 
Since the activities were widespread in the area, the overarching goals 
were to study (i) the nature of geophysical structures and phenomena, 
(ii) the crustal stress field and the brittle-ductile transition, (iii) the 
thermal structure of the crust, (iv) crustal fluids and transport processes, 
and (v) structure and evolution of the central European Variscan base-
ment. Within the context of the Eger Rift ICDP, a central goal has been 
the understanding of the physical and chemical processes and interac-
tion that lead to the magma and fluid transport through the lithosphere 
and crust as well as the processes that lead to the observed earthquake 
swarms as the cause of all these processes is still enigmatic for an 
intraplate setting. Several local geo-scientific studies (e.g. Weinlich 
et al., 1998; Bräuer et al., 2003, 2008; Horálek and Fischer, 2009; Kämpf 
et al., 2013; Weinlich et al., 2013; Weinlich, 2014; Nickschick et al., 
2015) suggest that fluid circulation along deep-reaching faults seems to 
play a crucial role in explaining the underlying geodynamic processes. 

Electromagnetic (EM) methods are suitable to identify and image 
possible fluid pathways as a strong contrast in electrical resistivity is 
expected between the resistive crystalline basement and conductive 
fluids as well as partial melts (e.g. Haak and Hutton, 1986; Simpson and 
Bahr, 2005; Chave and Jones, 2012). To resolve conductive structures 
down to the middle crust, the MT method is essential as it is the only EM 
method capable of reaching such depths. In the past, this method has 
been applied successfully to image crustal fluids in a variety of geolog-
ical contexts, like the Tibetan Plateau (Unsworth et al., 2005; Bai et al., 
2010), the Japanes back arc (Ogawa et al., 2001, 2014), the Dead Sea 
(Meqbel et al., 2016), the Barberton Greenstone Belt (Kütter et al., 
2016), the San Andreas Fault (Becken et al., 2011) or in different 
(intraplate) volcanic fields or systems (e.g. Aivazpourporgou et al., 
2015; Gao et al., 2020; Comeau et al., 2022). First MT measurements 
within the ICDP framework were carried out in 2015/2016 along two 
50km long perpendicular profiles with 30 stations each and a dense grid 
of 97 stations close to the mofettes with an extension of 10 x5km2. 
Muñoz et al. (2018) present 2D images along a N-S profile. They reveal a 
conductive channel at the earthquake swarm region that extends from 
the lower crust to the surface forming a pathway for fluids into the re-
gion of the mofettes. A second conductive channel is present in the south 

of their model. Due to the given station setup, the resulting 2D in-
versions allow ambiguous interpretations of this feature. 3D MT data 
and inversions are required to distinguish between different scenarios 
and to fully describe the 3D structure of the subsurface. Therefore, we 
conducted a large MT field experiment in 2018 by extending the study 
area towards the south. Broad-band (10− 4 − 103s) MT data were 
measured at 83 stations along three 50 − 75 km long profiles and some 
additional stations across the region of the maars, the Aš-Tachov fault 
and the suture zones allowing for 2D as well as 3D inversion on a crustal 
scale. To improve the data quality, advanced data processing techniques 
were applied leading to good quality transfer functions. Furthermore, 
the previously collected MT data were reprocessed using new processing 
approaches. This entire MT data set across the Ohře Rift environment 
together with old MT data collected within the framework of the site 
characterization in the surrounding of the KTB drilling are used to 
compute a comprehensive 3D resistivity model of the subsurface. The 3D 
inversion result will be introduced and discussed. Furthermore, 2D 
inversion studies using real and synthetic data were conducted and the 
results will be compared to the 3D result. 

2. Tectonic and geological setting 

2.1. The survey area 

The region of West Bohemia and Upper Palatinate at the border 
between the Czech Republic and Germany (Fig. 1a) belongs to the 
western part of the Bohemian Massif. The Bohemian Massif is one of the 
largest stable outcrops of pre-Permian rocks in Central and Western 
Europe (Matte et al., 1990; Fischer et al., 2014) and is located on the 
territory of the Czech Republic, Germany, Poland and Austria. The Bo-
hemian Massif was formed during the Variscan cycle resulting from the 
convergence and collision between two major continents, Laurentia- 
Baltica-Avalonia and Gondwana with several small microplates, after 
the closure of various ocean basins, followed by obduction, continental 
collision, continental subduction, and strike-slip faulting between 500 
and 250Ma (e.g. Hrubcová et al., 2005; Grygar, 2016; Plomerová et al., 
2016). It is one of the most significant and extensive fragments of the 
Variscan orogeny (Matte et al., 1990; Hrubcová et al., 2005; Grygar, 
2016). Based on differences in structure and geological evolution, the 
Bohemian Massif can be divided into (i) the Saxothuringian Unit, (ii) the 
Teplá-Barrandian Unit, (iii) the Moldanubian Unit and (iv) the Moravo- 
Silesian Unit (Grygar, 2016). 

Northwest Bohemia is located within the transition zone of the first 
three tectonic units (Fig. 1b) with the Saxothuringian in the north and 
the Teplá-Barrandian and the Moldanubian unit in the south (Geissler 
et al., 2005; Bräuer et al., 2014). The different units are separated by 
significant sutures and fault zones (Grad et al., 2008; Grygar, 2016). 
Since the Lower Triassic the Paleozoic sutures between the Saxothur-
ingian and the Teplá-Barrandian/Moldanubian units have been reac-
tivated repeatedly as a result of the Alpine collision (Ziegler, 1992; 
Fischer et al., 2014; Hrubcová et al., 2017). 

Prominent tectonic structures of the western part of the Bohemian 
Massif are the Cenozoic ENE-WSW trending Ohře Rift with the central 
Ohře Graben, the N-S trending Regensburg-Leipzig-Rostock Zone 
(RLRZ) and the NNW-SSE trending Cheb–Domažlice Graben (e.g. 
Bankwitz et al., 2003; Bräuer et al., 2003; Mrlina et al., 2009). Intraplate 
stress originating in the Alpine collision zone as well as alkaline 
magmatic activity during the Cenozoic led to the development of the 
Ohře Rift (Dèzes et al., 2004; Dahm et al., 2013; Fischer et al., 2014). At 
present times, the Ohře Rift is 300km long and 70km wide and is located 
at the northern border of the Bohemian Massif separating the Sax-
othuringian and Teplá-Barrandian unit (Bräuer et al., 2003; Geissler 
et al., 2005; Heuer et al., 2006). The Ohře Rift is the easternmost part of 
the seismically active European Cenozoic Rift System, which evolved as 
a consequence of passive rifting due to compressional stresses during the 
Alpine and Pyrenean collision (Ziegler, 1992; Plomerová et al., 2016). 
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The 700km long and 40km wide RLRZ is a network of many local faults 
striking in N-S, NW-SE directions and sometimes also E-W direction 
(Bankwitz et al., 2003; Fischer et al., 2014; Nickschick et al., 2015). The 
most important tectonic zones of the RLRZ in the Cheb Basin are the 
NNW-SSE striking approximately 100km long Mariánské Lázně fault 
zone (MLFZ) and the Počatky-Plesná fault zone (PPZ) (Bräuer et al., 
2014; Fischer et al., 2014). Parallel to the MLFZ runs the Aš-Tachov fault 
(Fig. 1c); both belong to the younger faults in this region. The ENE-WSW 
striking main faults of the Ohře Rift form a distinctive Y-shaped struc-
ture up to a depth of 15km (Weinlich et al., 1998, 2013; Weinlich, 
2014). Furthermore, there exist several NNE-SSW striking deep faults as 
well as nearly N-S trending faults such as the PPZ (Weinlich et al., 2013; 
Weinlich, 2014, and references therein). The Cheb–Domažlice Graben is 
located in the eastern part of the RLRZ and is bounded by the MLFZ to 

the east and the Aš-Tachov fault in the west (Fischer et al., 2014; 
Weinlich, 2014). The Cheb–Domažlice Graben intersects the Ohře Rift 
and Ohře Graben forming the Cheb Basin (Weinlich, 2014; Nickschick 
et al., 2019). The Cheb Basin, a small intra-cratonic basin at the north-
west corner of the Bohemian Massif, developed during the Upper Ter-
tiary and represents the western termination of the Ohře Graben 
(Bankwitz et al., 2003). The Cheb Basin is filled with up to 300m thick 
sediments of Tertiary and Quaternary age (Bräuer et al., 2003; Fischer 
et al., 2014). It is the youngest geological feature in northwest Bohemia 
(Mousavi et al., 2015). 

The western part of the Bohemian Massif belongs to one of the 
geodynamically most active regions within central Europe and the Eu-
ropean Cenozoic Rift System (Plomerová et al., 2016). The entire region 
is characterized by ongoing magmatic processes in the intra-continental 
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Fig. 1. a) Location map of the study area (red box). The measurements were conducted in Germany (DE) and the Czech Republic (CZ). b) Sketch indicating the three 
major tectonic units of the western part of the Bohemian Massif. c) Simplified map of the study area showing the MT stations measured in autumn 2018 (cyan circles) 
as well as MT stations of previous field experiments in this region. The local reference site 304 as well as some other stations are highlighted. Grey solid lines indicate 
main fault systems with known surface trace as e.g. the Ohře (Eger) Rift, the Mariánské Lázně fault zone (1) and the Aš-Tachov fault (2), while grey dashed lines 
indicate deep (hidden) faults without surface expression as e.g. the Počatky-Plesná fault zone (3). The two faults Franconian (4) and Luhe (5) line are located in the 
west of the study area. Mofettes are indicated by orange asterisks and known Quaternary volcanoes and maars are represented by red triangles. (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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lithospheric mantle (e.g. Geissler et al., 2005; Bräuer et al., 2009; Kämpf 
et al., 2013), caused by active magmatic underplating (Geissler et al., 
2007; Hrubcová et al., 2017). These processes take place in the absence 
of active volcanism at surface, but are expressed by a series of phe-
nomena, including e.g. massive degassing of mantle derived CO2 in form 
of mineral springs as well as dry and wet mofettes in several degassing 
fields along tectonic fault zones (e.g. Dahm et al., 2013; Kämpf et al., 
2013; Weinlich, 2014) and the occurrence of repeated earthquake 
swarms (e.g. Horálek and Fischer, 2009; Fischer et al., 2014, and ref-
erences therein). Active tectonics is mainly manifested by Cenozoic 
volcanism and neotectonic crustal movements. Seismic studies reveal a 
complex crustal structure with a wide zone of increased reflectivity in 
the lower crust at the crust-mantle transition. These lower crustal 
seismic velocity anomalies can be interpreted as shear zones partly filled 
with fluids and/or small magmatic intrusions or partial melting that is 
further suggested by mantle xenoliths (Geissler et al., 2005, 2007). 
Combined seismological, isotopic and mantle xenolith studies provide 
evidence that magma accumulation takes place at two different depth 
levels within the lithospheric mantle at ≈60km and ≈25 − 35km depth 
(Geissler et al., 2005, 2007; Heuer et al., 2006). An updoming of the 
Moho to 25 − 27km depth beneath the western Ohře Rift as well as an 
updoming of the lithosphere-asthenosphere boundary to 65 − 90km 
depth (Babuška and Plomerová, 2001; Heuer et al., 2006), which may 
include increased partial melt, may represent the common source that 
supplies the different reservoirs at the crust-mantle boundary (e.g. Zie-
gler, 1992; Geissler et al., 2005; Heuer et al., 2006). Furthermore, based 
on different long-term behaviour and levels of the 3He/4He ratio, Bräuer 
et al. (2008, 2014) suggest that the upper mantle derived fluids could be 
supplied from several small spatially separated reservoirs at the crust- 
mantle boundary with accumulated magma derived from the 
lithosphere-asthenosphere boundary. A similar observation of an up-
welling lithosphere-asthenosphere boundary related to Quaternary 
volcanism can be found in Algeria (Beccaluva et al., 2007). The complex 
system of deep reaching faults in this region provides the conditions for 
the ascent of magmatic CO2 and forms the only viable migration path-
ways in the crystalline basement (Weinlich, 2014). The deep seated Y- 
shaped fault structure of the Ohře Rift splits the ascending magmatic 
gases at a depth of about 15km and form several separated degassing 
centres as well as gas-free zones (Weinlich et al., 1998, 2013). The most 
prominent degassing centres are the Cheb Basin with the spa Fran-
tǐskovy Lázně (FL) and the spas Mariánské Lázně (ML) and Karlovy Vary 
(KV) with their numerous mineral springs. In addition, hot springs occur 
in KV (Weinlich et al., 1998, 2013). In the Cheb Basin, the portion of 
mantle derived helium was the highest at the PPZ, where the subcon-
tinental helium isotope signature indicates fluid transport pathways 
down to the deep lithospheric mantle (Fischer et al., 2014). 

The intersection area of the Ohře Rift and the RLRZ is furthermore 
characterized by periodically occurring earthquake swarms with seismic 
magnitudes up to ML 5 (Heuer et al., 2006; Dahm et al., 2013; Fischer 
et al., 2014), although the Bohemian Massif is located considerably far 
away from existing plate boundaries and active volcanoes (Mousavi 
et al., 2015). Intraplate earthquake swarms without active volcanism are 
unusual and occur mostly in areas of enhanced crustal fluid activity and 
in regions with Quaternary volcanism, like the French Central Massif, 
the Eifel region, Long Valley (California) or Colorado (Horálek and 
Fischer, 2009). The youngest volcanoes in West Bohemia belong to the 
late-rift period (16 − 0.26Ma) volcanism (Ulrych et al., 2011). The 
Quaternary activity seems to be restricted to the western border of the 
Cheb Basin along the Aš-Tachov fault (Hrubcová et al., 2017) and is 
represented by the two scoria cones Železná and Komorní hůrka (Eisen- 
and Kammerbühl) as well as by several maar structures such as the 
Mýtina and the Neualbenreuth Maar. 

The areas of Moho updoming, CO2 emanations and earthquake 
swarm activities overlap each other indicating ongoing processes in the 
lithosphere (Heuer et al., 2006). Eighty percent of the seismic energy 
within the last 25 years was released near Nový Kostel (NK) village (see 

Fig. 1c), which is spatially correlated with the PPZ (Fischer et al., 2014). 
As there are no gas exhalations directly above the hypocentres in the 
vicinity of NK, low-permeable rock units seem to cap the active hy-
draulic system. The permeability barriers keep the permanent fluid flux 
from rising further and may be responsible for the increase of the fluid 
pressure that triggers seismicity (Bräuer et al., 2005). 

2.2. Existing electrical resistivity studies 

Information on the electrical resistivities of the crystalline basement 
of the Bohemian Massif and the overlaying geological layers are avail-
able from several previous geo-electrical investigations such as MT 
studies and large- and small-scale electrical resistivity tomography 
(ERT) experiments. The obtained resistivity models reveal high re-
sistivity values of several hundreds to several thousands Ωm for the 
crystalline basement and lower resistivity values in the Cheb Basin, at 
mofettes, for the sedimentary infill of the maars and for regions with 
fluid interaction. 

Several MT studies were conducted in the context of the KTB site in 
the Upper Palatinate located approximately 10km west of the current 
study area (see e.g. Červ et al., 1997a, 1997b; Eisel and Haak, 1999). All 
of them stress the highly complex geological structure of this region and 
mention a rather 3D character of the corresponding MT data. Further-
more, these studies emphasize a consistent southern orientation of the 
real induction vectors (in Wiese convention; Wiese, 1962) for longer 
periods indicating a conductive structure in the north. Consistent with 
this hypothesis, Eisel and Haak (1999) state that a strong conductor at 
the northern end of their profile (that correspond more or less to the 
northern end of the current study area) is necessary to explain these 
induction vectors. However, due to limited technical possibilities at that 
time, the data were almost exclusively explained by 1D and 2D models. 
Thereby, crustal-scale anisotropic blocks were included to mainly fit the 
induction vectors together with the observed impedances. In addition, a 
strong focus was set on shallow macro-anisotropy of the electrical con-
ductivity since borehole logs and samples as well as geological results in 
the immediate vicinity of the KTB in the Zone Erbendorf-Vohenstrauss 
(Červ et al., 1997a) indicated graphite, pyrite and brines in fractured 
sequences. Whether and to what extent this is transferable to the current 
study area remains unclear as only some stations in the south can be 
associated with the Zone Erbendorf-Vohenstrauss, if at all. Moreover, 
Červ et al. (1997a) state that the anisotropy generally decreases towards 
the east. 

Another MT experiment was conducted by Di Mauro et al. (1999) 
northeast of NK. They report that huge blocks with large anisotropy 
observed in the close vicinity of the KTB site seem to finish abruptly 
several kilometres southwest of their target area and thus west of the 
current study area. They, too, confirm the rather 3D character of the MT 
data in this region. Their 3D forward model, obtained on the basis of 2D 
inversion models, displays high resistivity values of the crystalline 
basement with resistivities >104Ωm for greater depths and much 
smaller resistivity values for the sediments of the Cheb Basin (10Ωm). 

Recent information about the regional distribution of electrical re-
sistivity came from a MT experiment carried out by Muñoz et al. (2018) 
within the ICDP project. They measured five-component broad-band MT 
data along two perpendicular profiles crossing the Cheb Basin and a 
denser grid of stations close to the mofettes Bublák and Hartoušov. So 
far, only 2D inversion results of the N-S profile using solely impedance 
data are published. Large parts of the models presented by Muñoz et al. 
(2018) show high resistivities (>1000Ωm) related to the old crystalline 
basement. Near the surface lower resistivity values are obtained 
(<30Ωm), especially in the Cheb Basin beneath the Bublák and Har-
toušov mofette fields. The most prominent feature in their models is a 
conductive channel in the vicinity of the earthquake swarm region NK 
that extends from the lower crust (≈25km depth) to the surface forming 
a pathway for fluids into the region of the mofettes. Another conductive 
channel is present in the south of their models. However, with the given 
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2D station setup, this feature could not be unambiguously explained. 
Furthermore, the depth and steepness of this second conductive channel 
could not be resolved robustly. 

A first 3D model of the two regional profiles measured by Muñoz 
et al. (2018) has just recently been obtained in the framework of a 
master’s thesis (Mair, 2020). Mair (2020) presented results of a joint 3D 
inversion of impedance and vertical transfer functions. The final 3D 
model is dominated by high resistivities up to 62,000Ωm. In contrast, 
much lower resistivities (<1Ωm) are resolved close to the mofettes. The 
most prominent structures are two sub-vertical conductors, which merge 
into one from a depth of 16km on forming a conductive reservoir from a 
depth below 20km with average resistivities of 80Ωm and resistivities of 
10Ωm in its central part. One of the two sub-vertical conductors forms a 
potential pathway for fluids to the mofettes fields and splits into several 
smaller branches close to the surface. The hypocentres of the earth-
quakes are located in the resistive host rock surrounding this conductor 
contrary to the 2D results of Muñoz et al. (2018). The second sub- 
vertical conductor is located more in the northern part northwest of 
the earthquake swarm region. 

Several other electrical resistivity studies have been conducted in the 
area of interest such as ERT and Radio-MT experiments. All these 
methods have in common that they focus on small-scale areas as they 
have a much smaller penetration depth as the traditional MT method. 
Several field experiments were conducted using these methods for a 
characterization of the local electrical resistivity structure of the mof-
ettes (Flechsig et al., 2008; Nickschick et al., 2015, 2019; Rulff et al., 
2021), maars (Mrlina et al., 2009; Flechsig et al., 2015; Rohrmüller 
et al., 2018; Hošek et al., 2019) or the surrounding of the KTB borehole 
(Storz et al., 2000). The obtained resistivities and their models are only 
marginally relevant for the current study as they only image the near 
surface reaching down to a depth of several tens to hundreds of metres. 
However, they underline that the investigation area is characterized by 
highly resistive rocks (> several hundreds to thousands Ωm) and that 
increased conductivity is often connected with the sedimentary infill of 
the Cheb Basin or the maars. Furthermore, they stress that decreased 
resistivities are observed for regions with known fluid interaction at e.g. 
wet mofettes. One of the deepest penetration depth with up to 4km was 
reached by a large-scale ERT experiment conducted by Storz et al. 
(2000) in the close vicinity of the KTB. They resolve resistivity values 
>1,000Ωm reaching as far as 10km east of the KTB. In contrast, Flechsig 
et al. (2008), Rulff et al. (2021), Nickschick et al. (2019) found clear 
correlation of an increased conductivity in areas characterized by an 
ascent and mixture of magmatic fluids such as CO2 with water. 

3. Magnetotelluric data acquisition and processing 

The MT method is a passive EM technique to image the electrical 
resistivity distribution of the subsurface by recording natural variations 
of the electric and magnetic fields at the Earth’s surface. The electrical 
resistivity is a physical parameter that is particularly sensitive to the 
presence of high-conductive phases such as aqueous fluids, partial melts, 
mineralisations or metallic compounds. At each site, two orthogonal, 
horizontal components of the electric field and three orthogonal com-
ponents of the magnetic field are measured. In the frequency domain, 
the different field components are linked by linear relationships which 
can be described through transfer functions. The period dependent 
transfer functions are obtained by MT time-series data processing and 
are subsequently used to model the subsurface electrical resistivity 
structure. The horizontal electric and magnetic field components are 
linked by the complex impedance tensor Z that is often visualized as 
magnitude in terms of apparent resistivity and phase. The vertical 
magnetic transfer function (VTF) linearly relates the vertical magnetic 
field component with the two horizontal magnetic field components and 
is often graphically represented by induction vectors. 

Magnetotelluric data of the current study were collected in autumn 
2018 at 83 stations along two 75km and one 50km long NNE-SSW 

running profiles as well as some additional stations across the regions 
of the maars, the Aš-Tachov fault and the suture zones between the 
different Variscan tectonic units (Fig. 1). The data are published by 
Weckmann and Platz (2020). 

The study area is located south from previous MT measurements 
within the PIER-ICDP project conducted in 2015 and 2016 by Muñoz 
et al. (2018). The final results of Muñoz et al. (2018) indicate a 
conductive channel in the south whose origin could not be unambiguous 
resolved by the authors due to the given station setup. The station layout 
of the recently conducted data was designed to overcome this problem 
by allowing for 2D as well as for 3D inversions. A site spacing of 
approximately 3km was chosen along the profiles due to the focus on 
regional structures, but it still allows the resolution of shallow features. 
At all stations five-component broad-band MT data were measured in 
the period range of 10− 4 − 103s using S.P.A.M. Mk IV magnetotelluric 
systems, Metronix induction coils and non-polarisable Ag/AgCl elec-
trodes from the Geophysical Instrument Pool Potsdam (GIPP). The 
recording time at each station was approximately three days, except for 
station 304 in southeast Bavaria which was used as a local reference 
station due to its high data quality. The data were processed using the 
Emerald software suite (Ritter et al., 1998; Weckmann et al., 2005; 
Krings, 2007). Some regions within the study area are heavily populated 
and therefore man-made EM noise deteriorates a significant fraction of 
the recorded time-series severely affecting the MT data quality. To 
overcome the problem of EM noise, robust single-site and robust remote 
reference processing were applied in combination with different notch 
and delay-line filters as well as advanced data selection criteria (Platz 
and Weckmann, 2019). In addition to the local reference site 304, we 
used data from the permanent remote station of GFZ located in Wittstock 
(Ritter et al., 2015) 325 − 400km north of the survey area. The most 
obvious outliers in the impedance data and the vertical magnetic 
transfer functions were manually removed prior to the inversion. 
Smooth curves could be obtained for the impedance tensor in the period 
range of 10− 4s up to 1000s for many stations. Furthermore, we were 
able to obtain smooth and stable vertical transfer functions over a wide 
period range. In general, the data quality decreases from south to north. 
Moreover, stations close to larger towns as e.g. Weiden, Cheb, and ML 
are affected by EM noise, whereas more remote stations show noticeable 
better data quality. For inversion, the newly acquired data set was 
supplemented by selected and reprocessed stations from Muñoz et al. 
(2018) measured in 2015 and 2016 as well as by some stations measured 
in 1996 in the context of the KTB programme. 

Fig. 2 displays apparent resistivity and phase curves as well as in-
duction vector plots of three exemplary sites. The location of these three 
sites is marked in Fig. 1c. The impedance tensor data are shown in a 
geographic coordinate system (x =̂ north, y =̂ east). Station 306 is 
located in the southeastern part of the study area, which is characterized 
by underlying crystalline basement. The shown transfer functions vary 
smoothly with period. Both off-diagonal impedance tensor components 
show relatively high apparent resistivity values over the entire period 
range and large diagonal components for longer periods (T > 0.1s). The 
real and imaginary induction vectors are presented in Wiese convention 
(Wiese, 1962) in the lower panel. The real induction vectors for the 
shortest periods (T < 0.01s) are small and show values close to zero; 
longer induction vectors are visible for periods greater T > 0.1s. For the 
longest periods (T > 50s) the real induction vectors are oriented in S-SE 
direction. Site 007 is located near the Mýtina Maar and the scoria cone 
Železná hůrka. Here, we still observe high resistivity values for both off- 
diagonal components and the real induction vectors for the longest pe-
riods point towards S-SE. Site EMERES15_006 was measured during the 
EMERES project in 2015 and has a much higher noise content than the 
stations measured in 2018, especially for longer periods. The data of this 
station were reprocessed using the remote reference technique as well as 
novel pre-selection criteria leading to acceptable transfer functions 
(Mair, 2020). The apparent resistivities are at least 1–2 decades lower 

A. Platz et al.                                                                                                                                                                                                                                    



Tectonophysics 833 (2022) 229353

6

than the apparent resistivity values of the other two stations. This is 
consistent with the findings of Muñoz et al. (2018), who observed 
consistently lower apparent resistivity values for stations located within 
the Cheb Basin. Furthermore, the drop in the apparent resistivity curves 
for periods longer T > 10s may be explained by a conductive structure at 
greater depths as this station is located close to several mofette fields. 
Therefore, we used these data points for the subsequent inversion 
although it cannot be ruled out that these periods are disturbed by noise. 
In general, we observe small real induction vectors close to zero for most 
stations for short periods (T < 0.01s) and larger real induction vectors 
for the longer periods. In the period range between 0.1 − 10s, the real 
induction vectors become largest for many stations pointing in several 
directions dependent of the site location (see Fig. 3a), indicating several 
spatially limited resistivity structures at depth. For longer periods (T >
50s) almost all real induction vectors are orientated in S-SE direction 
(see Fig. 3b) indicating a conductor in the north. 

For the sites along the three longer profiles, the dimensionality of the 
MT data was determined using the ellipticity method after Becken and 
Burkhardt (2004, Fig. 4). Thereby, we analysed the dimensionality 
separately for different period ranges. In general, we observe a large 
variety of strike angles for the shortest periods for which these values are 
influenced by shallow structures and do not exhibit common induction 
spheres with their neighbouring sites. More consistent strike angles as 
shown by rose diagrams (circular histograms; Fig. 4) are obtained by 
using both, broader period ranges and longer periods. 

The rose diagram for the westernmost profile (hereafter called pro-
file 1; Fig. 4a) clearly shows a clustering of the strike directions of the 
single-site, multi-frequency strike around N70∘E (or N20∘W), which 
corresponds well to the best fit of the multi-site, multi-frequency 
approach with a strike angle of N68.9∘E (or N21.1∘W). To solve the 
inherent 90∘ ambiguity, we took the direction of the corresponding real 
induction vectors into account. They are mostly orientated in southeast 
direction indicating a strike angle of N68.9∘E for profile 1. In a similar 
manner, a strike angle of N74.5∘E for the central profile containing in 
addition the N-S profile acquired in 2015 (hereafter called profile 2) and 
a strike angle of N59.5∘E for the easternmost profile (hereafter called 
profile 3) were observed. As all obtained geo-electrical strikes point in 
NE-SW direction, we conclude that the strike direction in the corre-
sponding period ranges are rather dominated by the ENE-WSW trending 
Ohře Rift than by the different NNW-SSE striking faults. This analysis 
suggests that the data can be explained by 2D structures in the subsur-
face. However, given the complex geology of the study area with 
prominent fault and graben systems running perpendicular to each other 
(e.g. the Ohře Rift and the PPZ or MLFZ), the presence of the sedimen-
tary Cheb Basin in the north and the different mofette fields and Qua-
ternary volcanoes structures, it is expected that the dimensionality 
analysis will exhibit 3D characteristics. In addition to the dimensionality 
analysis after Becken and Burkhardt (2004), we evaluated the phase 
tensors (see Fig. 3c-f; Caldwell et al., 2004). The distribution of all 
calculated phase tensor beta values for the entire masked data set in 
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Fig. 3e reveals that 55% of the data points have an absolute value below 
3∘, which is often referred to as a critical value for a reasonable 2D 
analysis. However, a more differentiated approach shows a correlation 
between the absolute beta value and the period for this data set (Fig. 3f). 
For short periods (T < 1.4s), the majority of all absolute beta values lies 
below 3∘; however, for longer periods most of the beta values are greater 
than 3∘ indicating a stronger influence of 3D structures. This is further 

demonstrated by means of two maps displaying the phase tensors 
colour-coded with the corresponding beta values for two different pe-
riods (Fig. 3c and d). Moreover, even for short periods, localized areas 
exist in e.g. the south or in the north close to the mofettes, where higher 
phase tensor beta values are observed probably due to a more complex 
subsurface structure. A 2D analysis can address the expected complex 3D 
geo-electrical structure of the subsurface only within certain limitations, 

Fig. 3. Maps of the study area showing real induction 
vectors (in Wiese convention (1962)) for a) T =
0.177s and b) T = 90.51s as well as phase tensors 
ellipses for c) T = 0.177s and d) T = 90.51s. e) Dis-
tribution of the phase tensor beta values for the entire 
data set used for the inversion. 55% of all points have 
absolute values below 3∘ (indicated by the red lines) 
and 1.6% of the data have an absolute value greater 
than 20∘. f) Phase tensor beta values of the data set 
are shown over period. For periods T < 1.4s, the 
majority of beta values have an absolute value below 
3∘ (indicated by red lines). For longer periods, the 
majority of the data points have a beta value above 3∘ 

indicating a stronger influence of 3D structures. (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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especially as many relevant features will be located off-profile. There-
fore, in this paper we will focus on a full-tensor 3D inversion of the entire 
data set described above. 

4. 3D resistivity inversion model 

For 3D modelling and inversion we used the parallelized Modular 
Electromagnetic Inversion system ModEM (Meqbel, 2009; Egbert and 
Kelbert, 2012; Kelbert et al., 2014). To reduce the computational cost, 
only every second period of the entire data set were used resulting in 25 
periods between 0.000173 − 2896s. The preferred 3D model presented 
in this study is obtained through inverting all components of the 
impedance tensor and the vertical transfer functions for 128 and 105 
stations of the entire data set, respectively. The complete data set 
comprises all 84 stations of the recent field campaigns in 2018, plus 17 
reprocessed stations measured in 2015, 7 reprocessed stations from 
2016 and 20 stations of the entire KTB data set from 1996. However, 
most of the stations north of the mofettes measured in 2015 were 
excluded in order to have a more consistent and even station coverage 
and due to their poor data quality in comparison to the other data. This 
also allows a more focused and centred model. 

4.1. Model setup and inversion strategy 

We conducted more than 200 inversion runs to evaluate different 

inversion settings and parameters. Important parameters that were 
tested are e.g. the grid setup, the starting model, the smoothing pa-
rameters and the data errors. As a presentation of these tests is beyond 
the scope of this paper, we will only briefly summarize this point and 
specify the used parameters for our preferred model. 

An initial step in the setup of a 3D model is the specification of an 
inversion coordinate system and an appropriate model grid. We used a 
coordinate system with x- and y-axis pointing towards geographic north 
and east, and the z-axis pointing downwards. The extensions of the grid 
were chosen much larger than the area of interest amounting to several 
skin depths in order to obtain accurate forward solutions. We counted on 
a fine enough parameterization of the model to allow for any near- 
surface effects, including topographic variations, which were not 
directly accounted for by the model. We varied the horizontal cell sizes 
from 750 to 2,500m trying equal as well as different lengths of the edges 
for both horizontal directions. Furthermore, we tested the dimension in 
the vertical direction by varying (i) the number of cells in the z-direc-
tion, (ii) the increasing factor (between 1.1 − 1.3) downwards and (iii) 
the thickness of the first cell (5 − 20m). This first cell also determines the 
thickness of the first, near-ground air layer that also increases loga-
rithmically upwards. Our finally selected grid consists in total of 112 ×
90 × 42 cells covering a modelling area of roughly 9,200km (N-S or x 
direction) by 9,200km (E-W or y direction). The inner grid consists of 62 
× 40 cells with a uniform horizontal dimension of 1.5km. The padding 
cells have an increasing factor of 1.3. In the vertical direction, 42 layers 
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period range of 0.01 − 100s was evaluated, although we observe only minor changes for adjacent period ranges. A strike angle of N74.5∘E was retrieved. c) The 
easternmost profile (profile 3) has a strike angle of N59.5∘E for the period range of 0.001 − 10s. For all three profiles the induction vectors are pointing in southeast 
direction indicating that the strike direction is dominated by the ENE-WSW trending Ohře Rift rather than by the different NNW-SSE striking faults. (For inter-
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are logarithmically increasing by a factor of 1.3 from 20m for the first 
layer down to a total depth of 4,000km. This depth should be sufficient 
and represents several skin depths, e.g. more than eight assuming an 
average resistivity of 1,000Ωm and a period of 1,000s. 

In the next step, we tested different starting models between 25 −
500Ωm in order to find a compromise between a low starting misfit 
(obtained for very low resistivities e.g. 25Ωm due to the influence of the 
stations close to the mofettes) and the computed average resistivities for 
each period (reaching from 250 − 2,000Ωm). A background resistivity 
of 300Ωm was selected as this value resulted in the best inversion result 
resolving many relevant structures and revealing the best data fit. As 
mentioned above, the vertical transfer functions seem to require a 
conductive structure in the north outside of the measurement area. 
Previous works therefore included crustal-scale anisotropic structures in 
their 2D models (Eisel and Haak, 1999). After several synthetic tests we 
found that two remote, but very conductive sedimentary basins need to 
be included into the starting model: (i) the North German Basin and (ii) 
the Thuringian Basin (see Fig. 5a). Both structures were finally imple-
mented with 3Ωm as an integrated resistivity and following the general 
shape of these basins with an average depth of 4km and 2km, 
respectively. 

Furthermore, after testing we only allowed modifications of the re-
sistivity structure made by the inversion in restricted areas. Best results 
were obtained by fixing the outermost padding cells allowing the 
inversion to change only an inner part of roughly 950km × 950km. The 
smoothing values αx, αy and αz were varied between 0.1 − 0.3. Best data 
fit was achieved by using a smoothing value of α = 0.1 for each 
direction. 

In a next step, we tested several error settings and values for the 
different transfer functions. We varied the error values between 3 − 5% 
for the vertical transfer functions, between 5 − 10% for the off-diagonal 
and between 10 − 100% for the main-diagonal impedance tensor 
components trying constant error values, fixed error values as well as 
error floors and different types of error calculation (e.g. percentage of | 

Zij|, 
⃒̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⃒Zij*Zji

⃒
⃒

√

or 
⃒̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⃒Zii*Zij

⃒
⃒

√

). Finally, we assigned a constant value of 
0.05 for the vertical transfer functions and fixed error values to 5% of | 

Zij| for the off-diagonal and 20% of 
⃒̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⃒Zii*Zij

⃒
⃒

√

for the main-diagonal 
impedance tensor components. Moreover, we tested the sensitivity of 
the inversion results to sub-sets of data (e.g. only impedance or vertical 
transfer functions) as well as to different inversion strategies (e.g. joint 
inversion of impedance and vertical transfer functions and several 
cascaded inversions using the inversion result of one data type as a 
starting model for the other data sub-set or the combination of both data 
types). 

4.2. Preferred model 

Our preferred model was finally obtained in two steps using a 

cascaded inversion scheme. First, we inverted only the vertical transfer 
functions using the 300Ωm background model including the two sedi-
mentary basins as starting and prior model. The model fits the vertical 
transfer functions to a normalized root mean square (RMS) of 1.02 
(starting from 2.73) after 9 iterations. In the second step, we used the 
inversion result of the first step as starting model for a joint inversion of 
impedance and vertical transfer functions. As prior model we used the 
starting model of the first step. The model fits the full data set to a 
normalized RMS of 1.8 (starting from 11.16) after 104 iterations. Fig. 6 
provides insights into the data fit for the different sub-sets, the data fit 
over period and compares measured and predicted data for three 
exemplary stations. 

The misfit distribution (Fig. 6a) is rather homogeneously distributed, 
increasing only slightly from south to north probably due to the different 
data quality. In general, the best data fit is obtained for the off-diagonal 
impedance tensor components and for longer periods (T > 30s) of the 
vertical transfer functions. We present the preferred model in a series of 
map views (Fig. 7), cut out models and pseudo-sections (Figs. 8-9) as 
well as isosurfaces (Figs. 9b and 10) in order to give a spatial impression 
and to highlight the most important structures. 

The overall resistivity of the largest part of the model is very high 
(R1, resistivities up to 57,000Ωm) as it can be expected for the old 
crystalline basement that dominates large parts of the study area (see e. 
g. Figs. 7c-f and 8). A significant difference for the three Variscan tec-
tonic units cannot be observed. However, slightly increased resistivity 
values are resolved in the southern part of the study area in the Mol-
danubian unit (see e.g. Fig. 7c). 

For the topmost layer we observe lower resistivities than the 300Ωm 
background resistivity for almost the entire study area (Fig. 7a) probably 
due to a sediment cover or as compensation of near-surface effects such 
as static shift or topography. Furthermore, a shallow conductive 
anomaly (C1) occurs in the north between the MLFZ and the Aš-Tachov 
fault (Figs. 7a-b, 8 and 9) with average resistivities of 20 − 200Ωm down 
to a depth of 125 − 250m. The outline of the conductor C1 (e.g. Figs. 9b 
and 10) corresponds well with the location of the sedimentary Cheb 
Basin. Extremely low resistivities down to 0.3Ωm are resolved close to 
the spas FL and Sibyllenbad (SB) and nearby the mofettes, although a 
direct assignment of these anomalies to the individual small-scale 
structures is not possible due to the comparatively coarse grid. More-
over, the northern part of C1 is characterized by slightly decreased re-
sistivity values (in some parts <20Ωm) in contrast to the southern part 
with resistivity values greater than 30Ωm. 

The most prominent structure of the model is a deep reaching 
conductive channel (C2) with an approximate resistivity of 120Ωm 
extending from the surface down to a depth of at least 28km connecting 
C1 to a deeper conductive reservoir at a depth of 21 − 28km (Fig. 10). 
The conductor C2 has an enhanced conductive part with resistivity 
values lower than 80Ωm starting at a depth of approximately 10km 
(Figs. 8 and 9c). The lowest resistivities of the conductor C2 of 8 − 10Ωm 
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Lázně, ML = Mariánské Lázně, KV = Karlovy Vary, 
KL = Konstantinovy Lázně and SB = Sibyllenbad.   
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are observed at a depth of 21 − 28km forming a conductive reservoir 
(Figs. 8, 9a and c). 

Closer to the surface, the conductive channel branches into several 
sub-channels. However, the resolution is poor and not comparable with 
Muñoz et al. (2018) due to the different sizes of the grids and their cells. 
The main branch connects the reservoir from the north with the 
conductor C1 close to the north of profile 1 (Figs. 8 and 9a). Further-
more, the conductor C2 shows a spatial proximity to the NK focal zone 

(Fig. 7c-f). The hypocentres of the swarm earthquakes cluster around the 
more conductive part of C2 (Fig. 10). 

To the east of the study area, another deep reaching conductive 
feature can be observed (C3). This conductor is located east of the spa 
ML with its centre above the spa Konstantinovy Lázně (KL; Fig. 7c-f) 
approximately 20km away from the easternmost stations. The resolution 
of the exact geometry and the actual resistivity is limited because large 
parts of this structure are not covered by the stations. Similar to the 

Fig. 6. Data fit of the preferred model. a) Normalized RMS values of the joint inversion and the individual data types Z (impedance) and VTF (vertical transfer 
function) per station as map view. b) Normalized RMS per period for Z and VTF. The dashed black and blue line represent the overall misfit of 1.91 for Z and 1.52 for 
VTF. The highest misfit for both data types is observed around the dead band. c) Data fit for the three exemplary stations already introduced in Fig. 2. The individual 
misfit for Z and VTF for the stations is written on the right upper corner of the corresponding plots. Especially the off-diagonal impedance tensor components and the 
long periods of the vertical transfer functions are well fitted for all three stations. (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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conductor C2, C3 has a more conductive part of 3 − 4Ωm in a depth 
range of 16 − 21km forming a conductive reservoir (Figs. 8 and 9a). This 
reservoir is slightly shallower than the reservoir of C2, but has a greater 
expansion (Figs. 8 and 10). Closer to the surface, the conductor branches 
into three sub-channels (Figs. 7c and 10). The branch in the south shows 
low resistivity values between 2 − 5km depth, but does not seem to 
reach the surface. Between 4 − 5km depth, the middle branch splits 
again into two branches, one connecting to ML and another one south of 
ML (Figs. 9 and 10). The northern of these two branches shows lower 
resistivities close to the surface, which correlate with known degassing 
centres and springs (Figs. 7a and 8). The lowest resolution has the 
northern of the three main branches probably due the lack of station 
coverage. Furthermore, the conductors C2 and C3 seem to be connected 
at larger depths (>28km); however, resolution studies indicate that, 
although explaining the data, this connection is not a robust feature and 

might also be an artefact generated by the inversion and the applied 
smoothing settings. 

In the west, we observe another conductive area (C4) between the 
two faults Franconian and Luhe line (Fig. 7c-d) at a distance of 1.5 −
6km to the westernmost stations. The outline of this conductor is visu-
alized by an isosurface of 150Ωm in the Figs. 9b and 10, although the 
geometry of this conductor can only be resolved within some un-
certainties as this structure is located outside the station grid. This area 
belongs to none of the three Variscan units, but instead is characterized 
by Permo-Carboniferous and Mesozoic units. Furthermore, the model 
resolves a conductive structure close to the sedimentary basins in the 
north outside the study area (not shown), especially beneath the 
Thuringian Basin. It is also noticeable that conductive structures are 
absent beneath the volcanic structures or close to the suture zones of the 
Variscan units or known faults as the Aš-Tachov fault. 
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Fig. 7. Resistivity maps for representative layers: MT stations (black dots), mofettes (orange asterisks). a) The first layer is dominated by lower resistivities. b) Lower 
resistivities of the conductor C1 correlate with the location of the Cheb Basin. c-d) Three deeper conductors (C2-C4) occur below ≈5km depth within the resistive 
structure R1. e-f) The conductors C2 and C3 seem to correspond with the location of known spas such as e.g. FL, ML and KL. 

Fig. 8. Southeast-northwest cut through the 3D 
model along the imaginary connecting line between 
the two spas FL and ML (yellow dots). The shallow 
conductive area C1 is marked with a white ellipse. 
The resistor R1, which probably represents the crys-
talline basement, is interrupted by the conductors C2 
and C3. They might image the pathways for fluid and 
gas supply close to FL and ML. MT stations (white 
dots), mofettes (red dots), hypocentres of the earth-
quakes (black dots). (For interpretation of the refer-
ences to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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4.3. Sensitivity tests 

Several sensitivity tests were performed in order to determine which 
resistivity structures are required by the data. The depth resolution of 
the MT data was tested using a “squeeze test”. For this test, the resistivity 
below a certain depth was set to the prior value of 300Ωm and the 
impact of these constraints on the data fit was determined. We did six 
inversion runs with resistivity fixed below 36, 47, 60, 100, 134 and 
175km. Significant increases in the normalized starting misfit occur for 
the three shallowest depths in the squeeze test, although only some 

stations are affected for the 60km depth. This demonstrates that at least 
in some areas, deeper structures are required by the data. For the shal-
lowest depth of 36km, the constrained inversion was no longer able to fit 
the data as well as for the normal unconstrained inversion. Therefore, 
we conclude that the MT data can resolve structures up to a depth be-
tween 36 and 47km, with somewhat greater depths beneath some 
localized areas. 

Next, we tested several shallow small-scale conductive anomalies for 
example within the conductor C1 or close to ML. For this purpose, we 
substituted cells with extremely low resistivities (e.g. <3Ωm) by average 
resistivity values of the surrounding cells (e.g. 20Ωm) and calculated the 
forward response of these modified models as well as we started new 
inversions from these modified models. The forward models show an 
increased misfit close to stations, where changes were made. Moreover, 
the inversions tend to recover many of these small-scale conductive 
anomalies, especially within the conductor C1 and around ML. In 
summary, we conclude that these shallow small-scale conductive 
anomalies close to the spas and mofettes in the Cheb Basin and the 
surrounding of ML are required by the MT data. 

Furthermore, we tested the resolution of the two most striking con-
ductors C2 and C3. This is of great importance, especially for C3, as large 
parts of this conductor are not covered by stations and thus the validity 
of certain parameters such as its exact geometry is limited. The vertical 
extend of these conductors were tested by replacing deeper parts 
(>2.5km) of these conductive anomalies by the background resistivity of 
300Ωm. Again, forward calculations and new inversions were started 
from the modified models. The forward models show that for the 
modified models the misfit at the neighbouring stations is considerably 
increased. Further, the inversions tend to recover the vertical conductor 
C2 as well as all three branches of conductor C3 and especially the 
southern branch of C3. In a next step, we substituted only the “reser-
voirs” of C2 and C3 at a depth of 16.4km by the background resistivity. 
The misfit of the forward calculation of this modified model was 
increased. An inversion started from this modified model recovers 
especially the reservoir beneath ML, and to some extent the smaller and 
more resistive reservoir of C2. Further tests on possible connection of the 
deepest parts of C2 and C3 reveal that the reservoirs could also be 
separated without resulting in an increased RMS. This suggests that the 
inversion and the recorded data have no sensitivity for the deepest parts 
of C2 and C3, however, this also means that a connection of both con-
ductors at depth is not explicitly excluded. 

The resolution of the conductor C4 was tested, as it is hardly covered 
by stations. Therefore, we substituted the lower resistivity values of C4 
by the background resistivity. The misfit of this modified model is 
significantly increased, especially for the surrounding stations of profile 
1 in the southwest. An inversion started from the modified model re-
covers large parts of the conductor C4, indicating that this conductor is 
needed by the data. Furthermore, the new inversion tends to recover the 
reservoirs of C2 and C3 with lower resistivity values, e.g. with down to 5 
− 6Ωm for the most conductive parts of C2. If we fix the area of C4 to the 
background resistivity of 300Ωm, the inversion misfit increases, espe-
cially in the south and the inversion is not able to find an alternative 
model that explains the data as well as the unconstrained inversion. 

Finally, we tested the conductive structures close to the two sedi-
mentary basins in the north outside the study area, which we imple-
mented in our starting model. We excluded the basins from our preferred 
model and replaced them with the background resistivity. The forward 
calculation of this modified model has a larger misfit, especially for the 
vertical transfer functions. The subsequent inversion recovers conduc-
tive features in the north in the area of the Thuringian Basin, indicating 
that the vertical transfer functions require some conductive features in 
the north outside the study area, e.g. the two basins or some other 
conductor. Furthermore, the new inversion resolved the two reservoirs 
of C2 and C3 with lower resistivity values down to <4Ωm for C2 and 
down to <3Ωm for C3. The necessary existence of a conductive feature 
in the north was further supported by another test: We fixed the two 

Fig. 9. Pseudo-sections showing the most important structures from different 
directions. The depth slice corresponds to a depth of 27.6km. a) The most 
prominent conductors C2 and C3 form reservoirs at larger depths and continue 
in form of conductive channels from the reservoir up to the surface where they 
seem to correlate with location of mofettes (red dots) close to FL and ML. b) 
Same pseudo-sections as in a) overlain by a 150Ωm isosurface visualizing the 
different conductive branches of C3 and the shape of the conductor C4 in the 
southwest. c) Large parts of the study area, especially in the south, are domi-
nated by high resistivities possibly related to the crystalline basement. (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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basins in the preferred model to the background resistivity of 300Ωm 
and the subsequent newly started inversion was unable to fit the long 
periods of the vertical transfer functions. 

4.4. Discussion 

The largest part of the preferred model is dominated by the extensive 
resistive body R1. Its upper boundary is located in the upper crust 
starting at approximately several hundreds of metres and continues 
down to the maximum resolution depth of 36 − 47km. The high elec-
trical resistivities up to 57,000Ωm can be associated with the crystalline 
basement and they match well with observed and modelled resistivity 
values of previous MT studies (e.g. Di Mauro et al., 1999; Muñoz et al., 
2018; Mair, 2020, and references therein) as well as resistivity values for 
crystalline (igneous) rocks of the continental crust from literature (e.g. 
Haak and Hutton, 1986; Simpson and Bahr, 2005; Chave and Jones, 
2012). Although a significant resistivity variation between the three 
tectonic units is not resolved, a noticeable decrease of resistivity is 
observed for the units of the Permo-Carboniferous and Mesozoic in the 
west (C4). From previous measurements in the framework of the KTB 
investigations it is known that these units show much lower resistivities 
than the crystalline basement of the Variscan units (see e.g. Eisel and 
Haak, 1999; Eisel et al., 2001; Storz et al., 2000). 

The relatively low resistivities of the first layer for almost the entire 
study area can be associated with a sedimentary cover and/or is a 
compensation of near-surface effects as e.g. static shift or topography, 
which were not explicitly addressed by the model and are therefore not 
further interpreted. The shallow conductor C1 is spatially correlated 
with the Cheb Basin and is restricted by the MLFZ in the east and the Aš- 
Tachov fault in the west. Its estimated depth of 125 − 250m fits well 
with the known geology, which characterizes the Cheb Basin as a up to 

300m thick basin filled with sediments of Tertiary and Quaternary age 
(Bräuer et al., 2003; Fischer et al., 2014). These unconsolidated sedi-
ments are responsible for the observed average low electrical re-
sistivities of 20 − 200Ωm. Further, these resistivity values match well 
with the observed and modelled values for the Cheb Basin from previous 
MT studies in the area by Di Mauro et al. (1999) and Muñoz et al. (2018). 
The shallow small-scale conductive anomalies within C1 with re-
sistivities down to 0.3Ωm spatially correlate with the known spas FL in 
the western Cheb Basin and SB in the south. Furthermore, the locations 
of these small-scale conductive anomalies can be associated with the 
locations of several mofette fields as e.g. the Bublák and Hartoušov 
mofette fields or the Soos national nature reserve. Sensitivity tests 
indicate that these small-scale structures are required by the data. 
Furthermore, Mair (2020) also resolved low resistivities <1Ωm close to 
the mofettes. However, direct correlations of the small-scale anomalies 
with the individual degassing centres are beyond the scope of this paper 
and were not possible due to the grid size required for the regional 
perspective. However, a localized increase of the electrical conductivity 
correlated with the ascent of fluids would correspond with the findings 
of other small-scale electrical resistivities studies conducted in the vi-
cinity of known degassing centres in this region (e.g. Flechsig et al., 
2008; Nickschick et al., 2019; Rulff et al., 2021). Moreover, the slightly 
increased resistivities in the southern part of C1 can be spatially asso-
ciated with the gas-free zone in the southern Cheb Basin described by 
Weinlich et al. (1998, 2013). 

One of the most striking resistivity features in the model is the deep 
reaching conductive channel C2. We interpret this conductor as a fluid 
pathway from the lower crust to the surface similar to Muñoz et al. 
(2018). This conductor connects a potential fluid/magma reservoir at 
the crust-mantle boundary with the degassing centres within the shallow 
conductor C1 (see Fig. 11). However, the split of C2 at shallower depths 

Fig. 10. Isosurface of 150Ωm imaging the shape of the conductors C1-C4. Many of the swarm earthquakes (black dots) are mostly located in the resistive host rock 
surrounding conductor C2. 
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towards the individual degassing spots is only partly resolved by our 
model due to the limited grid resolution. In contrast to Muñoz et al. 
(2018), the conductor C2 is now located more to the west of profile 1, 
indicating that the northern conductive channel in their 2D model is a 
projection of the conductor C2 resolved in the 3D model. Similar to the 
2D model of Muñoz et al. (2018), the conductor C2 has a more 
conductive part at larger depths (>10km) and reaches its lowest re-
sistivity values of 8 − 10Ωm in a depth range of 21 − 28km. In addition, 
shape, location, resistivities and the split of this conductor C2 close to 
the surface match well with those of the conductor resolved by the 3D 
inversion of the two regional profiles by Mair (2020). Following the 
explanations of Muñoz et al. (2018, and references therein), the 
CO2–H2O system in the faults change from a single phase system with 
dissociated ions to a two phase system with gas state CO2 bubbles at a 
depth of roughly 9.6km in the study area. Therefore, the shallower parts 
of the conductor C2 can be associated with the more resistive two phase 
system of the ascending fluids, whereas the deeper and more conductive 
part of C2 is represented by the more conductive single phase system of 
these fluids. The most conductive part of C2 can be associated with one 
of the crust-mantle reservoirs postulated by Bräuer et al. (2008). The 
transition from the single phase system to the two phase system in the 
Cheb Basin is expected at a depth range of 6 − 11km (Weinlich, 2014) 
and corresponds well with the depth of the hypocentres of the swarm 
earthquakes. Our 3D inversion model strongly suggest that the earth-
quakes are located in the resistive surrounding of conductor C2. These 
findings are confirmed by local scale 3D models of Mair (2020). A real 
MT experiment across the San Andreas Fault in California revealed a 
similar result. Becken et al. (2011) reported that brittle rock failure and 
earthquakes often occur close to the boundary of, or within, regions of 
high electrical resistivity, but adjacent to zones of low resistivity. They 
explain these observations at the San Andreas Fault through the 
migration of fluids from a permeable, mechanically weak source region 
into a less permeable, mechanically strong zone of high electrical re-
sistivity. Similar observations were reported by e.g. Ogawa et al. (2001, 
2014) for the Japanese back arc, Comeau et al. (2015) for a volcano in 
Bolivia or by Aizawa et al. (2021) for volcanoes in Japan. As the 2D 
model of Muñoz et al. (2018) is located east of the focal zone, they could 
only use projected locations of the earthquake hypocentres that likely 
resulted in their misleading interpretation that the earthquakes would 
be located within the conductive structure. A seismic study of Mousavi 
et al. (2015, 2017) reveals an anomalous crustal body located just below 
and north of the NK focal zone that is characterized by high vp values 
and high vp/vs ratios. This anomaly spatially correlates with the shape of 
conductor C2. Mousavi et al. (2015) interpreted this anomaly as a so-
lidified intrusive body which contributes to the triggering of earth-
quakes by delivering fluids into the focal zone. Furthermore, they 
assume that this mid-crustal intrusive body could be part of a fluid 
pathway from the mantle through the earthquake zone up to the mofette 

fields in the south at the surface. This would support our hypothesis that 
C2 is a fluid pathway from the lower crust to the surface and the asso-
ciated degassing centres. 

To the east of the study area, another deep reaching and prominent 
conductive structure (C3) is observed. Similar to C2, we interpret this 
conductor as a fluid pathway from the lower crust to the surface (see 
Fig. 11). The exact shape and extension of this conductor can be slightly 
different as resolved in the 3D model due to the sparse station coverage. 
However, its existence and its splits into several branches were 
confirmed by several sensitivity tests. The conductor C3 consists of a 
large reservoir at depth and several conductive branches that connect 
this reservoir to the surface. The reservoir is larger and more conductive 
than the reservoir associated with C2. Furthermore it is located at a 
slightly shallower depth, supporting the hypothesis of Bräuer et al. 
(2005, 2008) of small-scale spatially separated magmatic reservoirs. 
Based on different long-term behaviour and levels of the 3He/4He ratio, 
they postulate that the degassing centres in the Cheb Basin and around 
ML are supplied by different small and isolated reservoirs at the crust- 
mantle boundary. In general, the depth ranges of the deep reservoirs 
of the conductors C2 and C3 fit reasonably well with other combined 
seismological, isotopic and mantle xenoliths studies, which describe a 
magma accumulation in a depth range of 25 − 35km (Geissler et al., 
2005; Heuer et al., 2006; Geissler et al., 2007). The southern branch of 
C3 correlates neither with a known fault, a volcanic structure nor with a 
degassing centre. This can possibly be explained by the fact that this 
branch does not reach the surface. The middle branch of C3 forks at a 
depth of 4 − 5km. The northern part connects to the degassing centres 
around ML and shallow small-scale conductive anomalies spatially 
correlate with known mofettes. The northern branch of C3 has the 
lowest resolution possibly due to the sparse station coverage in the 
northern part. This conductor might represent a fluid pathway to the 
famous spa KV. However, due to the limited resolution in this part this 
remains speculative. 

Finally, it is noticeable that conductive structures are absent beneath 
the volcanic structures, close to the suture zones of the Variscan units or 
the Aš-Tachov fault along the stations of profile 2. Therefore, we 
conclude that the southern conductor observed in the 2D model of 
Muñoz et al. (2018) is very likely a projection of another conductive off- 
profile structure. Based on the spatial proximity, the middle branch of 
conductor C3 would be the most obvious explanation for the conductor 
observed in the previous 2D model. To examine this hypothesis, we 
compare the 3D model with newly conducted and the previous 2D 
inversion results in the next section. 

5. Comparison with 2D inversion results 

For the 2D inversions of the three long profiles we used the finite 
element code MARE2DEM (Key and Ovall, 2011; Key, 2016). 

Fig. 11. Sketch illustrating the geodynamic situation 
in the study area derived from the preferred model 
and the 3D model of Mair (2020). The different 
degassing centres (e.g. mofettes, represented by or-
ange asterisks, and the spas FL and ML) may be 
supplied from different spatially separated fluid/ 
magma reservoirs in the lower crust at the crust- 
mantle transition zone. The potential pathways for 
fluids and/or gas branch into several smaller path-
ways at larger depths as well as close to the surface. 
Pathways with a low data resolution are marked by 
dashed grey arrows. The hypocentres of the swarm 
earthquakes (represented by black dots) scatter 
around the potential fluid pathways. Both models do 
not resolve any potential pathways to the volcanic 
structures (red triangles). (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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MARE2DEM uses a goal-oriented adaptive finite element method for the 
forward solutions that automatically generates and refines unstructured 
triangular element grids. We ran between 70 − 200 inversions for each 
profile testing several inversion settings and parameters e.g. different 
grids, starting models, data errors or different input data (apparent re-
sistivity and phases, logarithm of apparent resistivity and phase, vertical 
transfer functions and combinations of them). A presentation of these 
tests is beyond the scope of this paper; and moreover, they often resulted 
in similar inversion models demonstrating the robustness of the ob-
tained models. For better comparison with the 2D result of Muñoz et al. 
(2018) (hereafter called EMERES15), we show only inversion results 
using rotated apparent resistivity and phase curves. Moreover, all 3D 
and 2D results are shown without smoothing. 

A simplified topography was included in all 2D inversion grids and 
the rotated data were projected onto profiles perpendicular to their 
respective strike angles. As starting models we used homogeneous half- 
spaces. For the three profiles, the subsurface was discretized with 
26,000 − 33,000 cells. We forced the cell sizes of the finite element grid 
to mainly grow with depth by defining eight boxes centred around the 
stations with depths between 100m and 200km below surface and 
increasing widths. The edge length within each box was kept constant 
growing from 100m for the shallowest box up to 7km for the lowest box. 
For the EMERES15 profile the subsurface was coarser discretized with 
roughly 12,000 cells using three boxes up to a depth of 6km. The trade- 
off Lagrange multiplier was set to 5 in all inversions and as weight be-
tween horizontal and vertical smoothness a factor of 3 was used. For the 
three profiles of the current field campaign we inverted 51 periods be-
tween 10− 4 − 4,096s, while Muñoz et al. (2018) could use only periods 
up to 362s. To reduce the influence of static shift, the apparent re-
sistivities, in particular of the transverse electric (TE) mode, were down- 
weighted and a higher weight was given to phases by choosing small 
errors for them. The error for the apparent resistivity of the TE mode was 
set to 50% (profile 1 and 2) and 100% (profile 3 and EMERES15), 
meanwhile we used much smaller errors of 10% (profile 1 and 2) and 
20% (profile 3 and EMERES15) for the apparent resistivities of the 
transverse magnetic (TM) mode. Constant errors of 2∘ (profile 1 and 2) 
and 3∘ (profile 3 and EMERES15) were used for the phases of both 
modes. The data used for the EMERES15 profile were furthermore 
shifted for some stations by a constant factor for each station and mode 
to correct for static shift. Other important parameters for the three 
profiles as well as for the EMERES15 profile are summarized in Table 1. 

Before we discuss differences and similarities between 3D and 2D 
inversion results, we compare the 2D inversion result of profile 2 
(Fig. 12b) with the EMERES15 model (Fig. 12e). 

Profile 2 uses data from the same stations as EMERES15 plus the data 
of 17 stations conducted in 2018. However, the data are rotated by 
different angles and as a result projected to slightly different profiles. 
Furthermore, the grid used for EMERES15 is noticeable coarser than the 
grid for profile 2. The conductor C1 in the centre of the EMERES15 
profile associated with the Cheb Basin can also be observed for profile 2. 

Furthermore, two conductive channels C2 and C3 are resolved in both 
models. Even the split of C2 close to the surface in two branches can be 
observed in both cases. However, the vertical conductors C2 and C3 are 
much thinner in profile 2 very likely due to the finer grid. The conductor 
C3, which could only be resolved poorly for EMERES15 due to the lack 
of stations, forks into two branches in profile 2. Lower resistivities at 
larger depths are observed for C2 and C3, similar to EMERES15, 
although the depth and conductivities itself differ between the two 
models. In both models, the conductors C2 and C3 are separated by a 
large resistor R2 and another resistive feature R1 is resolved in the north. 
Solely the resistivity values of the resistors differ, probably because 
some of the data used for the EMERES15 profile were corrected for static 
shift and therefore shifted to lower resistivity values. Nevertheless, 
despite all the differences, the 2D models show many similarities. All 
important conductors and resistors interpreted by Muñoz et al. (2018) 
are resolved in the northern part of profile 2, which coincides with the 
EMERES15 profile. 

For a comparison of the 2D results with the 3D result, we show 
sections through the preferred 3D model along the real locations of the 
corresponding stations (Fig. 12a and d) and adjusted the colour scale of 
the 3D model. The cut through the 3D model along profile 2 shows lower 
resistivities close to the surface in the northern part associated with the 
Cheb Basin and consistent with the 2D results. However, many of the 
other structures visible in the 2D models of profile 2 and EMERES15 as 
the vertical conductors C2 and C3 are absent in the section from the 3D 
model, instead a deeper conductor associated with the reservoir beneath 
the Cheb Basin is discernible. This supports the idea that the 2D results 
are affected by some 3D and/or off-profile structures. Cruces-Zabala 
et al. (2020) systematically tested and assessed the influence of off- 
profile structures on 2D models obtained by MARE2DEM using real 
and synthetic data from Venezuela. They demonstrate that off-profile 
conductors can be mapped into 2D models as long as the station data 
are influenced by these structures. Furthermore, they show that the 
shape and inclination of conductors crossing the profiles, e.g. conductive 
faults, can differ from their true location and dip depending on the 
projection of the stations onto the profile. As we showed in the 3D 
section above, a vertical conductor in the north exists located west of 
profile 2. This conductor C2 in the 3D model is very likely projected into 
the 2D models and corresponds to the conductor C2 of these models. The 
vertical conductor C3 in the south of the 2D models is also not visible in 
the 3D model along profile 2 (Fig. 12a). A possible explanation for this 
conductor C3 in the 2D models, is a projection of another off-profile 
conductor, e.g. the conductor C3 of the 3D model close to ML, into the 
2D model. To verify this hypothesis, we conducted synthetic 2D in-
versions. A forward calculation of the preferred 3D model using the real 
station layout was conducted to generate the data for this synthetic 
inversion. 5% Gaussian noise was added to the synthetic data consistent 
with the applied error for the 3D model for the off-diagonal impedance 
tensor components. Then, the synthetic data were rotated and projected 
in the same manner as the real data for the subsequent 2D inversions. 
For a better comparison, the same inversion settings, e.g. grid, starting 
model and error settings, as for the 2D inversions of the real data were 
used for the synthetic 2D inversions. Differences were made only for the 
EMERES15 profile as we did not correct the data for static shift. The 
results of the synthetic inversions for profile 2 and EMERES15 are shown 
in Fig. 12c and f. Interestingly, they show many similarities to the 2D 
inversion results of the real data (Fig. 12b and e). The shallow lower 
resistivities associated with the Cheb Basin are observed for both syn-
thetic models. Furthermore, the conductive channel C2 in the north is 
visible in profile 2 as well as in the EMERES15 profile, supporting our 
statement that the conductor C2 from the 3D model located west of 
profile 2 is projected into the 2D models. Moreover, another conductive 
channel in the south is visible in both synthetic models. While the 
channel for the EMERES15 profile differs from its dip and location from 
C3 of the real data, larger similarities are observed for the real and 
synthetic inversion along profile 2. For the synthetic inversion of profile 

Table 1 
Inversion parameters for the three profiles measured in 2018 and the inversion 
result of Muñoz et al. (2018).   

Profile 1 Profile 2 Profile 3 EMERES15 

Number of stations 25 17 / 25 25 / 1 25 
Year 2018 2018 / 

2015 
2018 / 
2015 

2015 

Rotation angle of the data − 111.1∘ − 105.5∘ − 120.5∘ − 125.0∘ 

Background resistivity of 
starting model 

100Ωm 700Ωm 700Ωm 500Ωm 

Number of free grid 
parameter 

32,989 28,850 26,135 11,652 

Final / Starting RMS 1.7 / 
33.63 

2.07 / 
58.97 

1.17 / 
11.07 

1.9 / 57.48 

Iterations 86 109 162 ?  
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2, two conductive features are observed in the south (Fig. 12c). One 
extends down to greater depths and could be associated with the 
northern branch of C3 observed for the real data inversion (Fig. 12b); the 
second more shallower conductive feature of the synthetic inversion 
could be at least partly associated with the southern branch of C3, 
especially for the more shallower part. This supports our hypothesis, 
that the southern conductive channel C3 in the 2D inversions of the real 
data for profile 2 and EMERES15 is also a projection of an off-profile 
conductor. Due to its spatial proximity and the shape of this conductor 
with a split into two branches closer to the surface, the conductive 
channel C3 close to ML resolved in the 3D model is the most probable 
explanation. This clearly demonstrates that the 2D inversion results are 
significantly affected by off-profile 3D structures. 

Fig. 13 shows a comparison of the 3D result along profile 1 and 3 
with the corresponding 2D inversion results of the real data as well as 2D 
inversion results of synthetic data obtained from the preferred 3D model 
using the same procedure as described for profile 2. 

Shallow, lower resistivities are visible in the northern part of the 
profile section of the 3D model along profile 1 (Fig. 13a). These re-
sistivities are associated with the sediments of the Cheb Basin and the 

known degassing centres. Furthermore, parts of the conductor C2, 
especially its reservoir appears at the northern end of the profile section. 
In the centre of this 3D excerpt, the resistor R1 is resolved and other 
small-scale conductors are shown in the middle and southern part of the 
model belonging to the conductor C4. All these structures are also 
resolved in the corresponding 2D inversion of the real data (Fig. 13b), 
although the 2D model appears more complex and the depth, location 
and inclination of some structures, e.g. the vertical channel of C2, differ 
from the 3D model. Following the 3D model, the conductor C2 is located 
north of the stations of profile 1. A possible explanation for its southern 
inclination in the 2D model is the projection of the stations onto the 
profile, similar to the observations made by Cruces-Zabala et al. (2020) 
for their data set. Unfortunately, the conductor C2 is poorly resolved in 
the 2D model of the synthetic data calculated from the 3D preferred 
model (Fig. 13c), although a slightly southern inclination is indicated. 
Nonetheless, this synthetic model shows many similarities with the 2D 
model of the real data. Especially the conductive anomalies in the south 
and the shallow, lower resistivities in the northern part can be resolved. 

The profile section of the 3D model along profile 3 (Fig. 13d) is 
dominated by high resistivities of the resistor R1 and some structures 
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(2018) can be resolved by our 2D models. However, our results clearly demonstrate that the 2D inversion results are significantly affected by off-profile 3D structures. 
Please note that the colour scale is different to the previous ones. 

A. Platz et al.                                                                                                                                                                                                                                    



Tectonophysics 833 (2022) 229353

17

with lower resistivities associated with the reservoir and different 
branches of the conductor C3. However, most parts of the conductor C3 
are located east of the profile and consequently do not appear in this 
profile section. The 2D model of the real data (Fig. 13e) shows several 
conductive structures within a resistive background. The most striking 
structure is a conductor extending from the centre of the profile up to the 
north in a depth range of 20 − 30km. Due to its position and depth, this 
conductor is very likely a projection of the reservoir anomaly C3 
resolved in the 3D inversion east of profile 3. Some of the vertical and 
sub-vertical conductive structures shown in the 2D model can be asso-
ciated with the different branches of C3, although their inclination and 
shape differs from the 3D model probably due to their projection. 
Furthermore, lower resistivities are observed at shallow depths close to 
ML similar to the 3D model. The 2D inversion result of the synthetic data 
calculated from the preferred 3D model is shown in Fig. 13f. It also in-
cludes a conductive reservoir starting at a depth of 20km with similar 
resistivities as observed in the 2D model of the real data. In both cases, 
the resolved resistivities are much lower than the resistivities observed 
for this structure in the 3D model. Two conductive branches fork below 
ML, one dipping to the north and one to the south. They represent very 
likely the middle branch of C3, that splits close to the surface. Due to the 
poor data quality of the real data in the vicinity of ML, the appearance 
and resolution of the different branches of C3 differ in the real and 

synthetic 2D inversions. However, both 2D models show clearly that 3D 
features east of the profile considerably influence the 2D inversions. 

In general, all 2D inversions of the real and synthetic data showed 
that the 2D models are significantly affected by 3D and off-profile 
structures. Some of them are projected into the 2D models. Therefore, 
a 3D inversion was essential for this data set to determine the true 
location, shape and conductivities of these structures. Although profile 2 
and the previously conducted EMERES15 profile contain the most 
important anomalies, they were to some extent wrongly positioned 
leading to incorrect interpretations. For one thing, the conductor C2 is 
located more to the west. The hypocentres of the swarm earthquakes 
therefore do not correspond with lower resistivities within this 
conductor. Instead the hypocentres of the earthquakes cluster around 
this conductor C2 and are located at the resistive flanks. Furthermore, 
the conductor C3 in the 2D models of profile 2 and the EMERES15 
profile can neither be associated with the Aš-Tachov fault, nor with a 
suture zone or a conductive feature originating from the Quaternary 
volcanic structures. Instead, this conductor is very likely a projection of 
a prominent conductive feature east of the study area that forms a large 
reservoir at depth and has several ascending channels to the surface 
feeding for instance the degassing centres around ML. 
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6. Conclusion 

Many of the previous magnetotelluric (MT) field surveys in the study 
and surrounding area have acquired data either along a few profiles or 
on small local grids allowing only 2D modelling and rather spatially 
limited 3D modelling studies. The newly conducted MT data were 
aligned along three 50 − 75km long profiles which extend to previous 
MT stations measured by Muñoz et al. (2018) in the north. Furthermore, 
additional stations were acquired between the profiles covering the re-
gion of the Quaternary volcanic structures, the Aš-Tachov fault and the 
suture zones of the different tectonic units. Finally, the entire data set 
consisted of the newly acquired stations, reprocessed stations from the 
field campaigns in 2015 and 2016 (Muñoz et al., 2018) as well as some 
stations conducted in the framework of the German Continental Deep 
Drilling site KTB. These data were utilised to obtain the first compre-
hensive 3D model of the study area’s subsurface electrical resistivity 
structure. In addition, it allows to determine structures that could not be 
unambiguous interpreted in previous studies due to either the lack or an 
unfavourable distribution of stations. Directionality analyses along the 
individual profile lines show that the geo-electrical strike direction for 
most of the stations is dominated by the Ohře Rift confirming the find-
ings of Muñoz et al. (2018). Nonetheless, a dimensionality analysis 
based on beta values of the phase tensors clearly demonstrates that the 
MT data inherit a strong 3D character especially for longer periods and 
in some areas for instance close to the mofettes. This indicates that a 2D 
analysis can resolve the expected complex 3D geo-electrical structure of 
the subsurface only within certain limits, and underline the necessity of 
a 3D modelling study. 

For the 3D analysis we use the parallelized Modular Electromagnetic 
Inversion system ModEM (Meqbel, 2009; Egbert and Kelbert, 2012; 
Kelbert et al., 2014). We conduct several hundreds of inversions testing 
different parameter settings and strategies. Finally, we use a cascaded 
inversion to fit the impedance as well as vertical transfer functions. 
Large parts of the 3D model are dominated by high resistivity values up 
to 57,000Ωm representing the crystalline basement of the Variscan 
tectonic units. Lower resistivities are observed in the west for the units of 
the Permo-Carboniferous and Mesozoic. Previous measurements in the 
framework of the German Continental Deep Drilling site already showed 
that these units have much lower resistivities than the crystalline 
basement of the Variscan units (Eisel and Haak, 1999; Eisel et al., 2001; 
Storz et al., 2000). The sedimentary Cheb Basin in the north is resolved 
down to a depth of approximately 250m and is characterized by much 
lower resistivity values. For the near surface, even lower resistivities are 
observed within the Cheb Basin close to known degassing centres as 
mofettes or spas. The model reveals a conductive channel beneath the 
Cheb Basin that extends from the near surface down to the crust-mantle 
depth forming a conductive reservoir in a depth range of 21 − 28km. 
This conductive structure resembles the northern conductive channel 
observed by Muñoz et al. (2018). Furthermore, this conductive structure 
correlates spatially with the hypocentres of the swarm earthquakes 
which occurred in the Nový Kostel focal zone between 2000 and 2010. 
The 3D model also clearly reveals that the hypocentres cluster within the 
resistive host rock around this conductive structure, comparable to what 
Becken et al. (2011) observed for the San Andreas Fault. Therefore, our 
3D models update and thus contradict the 2D models by Muñoz et al. 
(2018) in which these hypocentres were located within the conducting 
deep reaching anomaly. As their profile was located east of the focal 
zone, they could only use projected locations at that time resulting in 
this misleading interpretation. Nonetheless, the conductive channel 
could represent a fluid pathway from the resolved reservoir in the lower 
crust to the surface feeding e.g. the Bublák and Hartoušov mofette fields, 
the springs and mofettes within the Soos national nature reserve as well 
as the spas Frantǐskovy Lázně and Sibyllenbad. Furthermore, the loca-
tion of this conductive structure coincides with a vp/vs anomaly revealed 
in a seismic tomography study by Mousavi et al. (2015, 2017) that was 
interpreted by the authors as a mid-crustal solidified igneous body that 

could be part of a fluid pathway from the mantle up to the surface. 
Another conductive channel east of the study area is observed in the 3D 
model. Similar to the conductor in the north, it extends from the surface 
down to the crust-mantle boundary forming a conductive reservoir at 
depths of 16 − 21km depth. Closer to the surface, this conductor forks 
into several branches. One of them connects to the spa Mariánské Lázně. 
This conductive feature could be interpreted as another small-scale 
reservoir at crust-mantle depth and a possible fluid pathway to the 
surface feeding several degassing spots in the east in the surrounding of 
Mariánské Lázně. Sensitivity studies confirmed that both conductors can 
be separated at larger depths supporting the hypothesis of Bräuer et al. 
(2005, 2008) that the mineral springs at the spas Frantǐskovy Lázně and 
Mariánské Lázně are supplied by different small-scale spatially sepa-
rated magmatic reservoirs. However, in the 3D model we could not 
resolve conductive structures beneath the Quaternary volcanic struc-
tures or close to the suture zones of the Variscan units or the Aš-Tachov 
fault along the profile of Muñoz et al. (2018). This led us to the 
conclusion that the southern conductor observed in their 2D model has 
to be very likely a projection of another conductive off-profile structure. 
Based on the spatial proximity, the conductor east of the study area 
would be the most obvious explanation for the conductor observed in 
the previous 2D models. To examine this hypothesis, we compared the 
3D model with newly conducted and the previous 2D inversion results as 
well as conducted synthetic 2D inversions using forward calculated data 
from the preferred 3D model. A 2D inversion of profile 2 containing both 
newly conducted stations and the stations used by Muñoz et al. (2018) 
resolved all interpreted conductive features in their model. Further-
more, the synthetic modelling studies reinforced our hypothesis. Both 
vertical conductors in the models of Muñoz et al. (2018) are projections 
of off-profile conductive structures. The northern conductor is located 
more to the west in the 3D model and the southern conductor in their 
model is very likely a projection of parts of the conductor east of the 
current study area. In general, all 2D inversions of the real and synthetic 
data show that the 2D models are significantly affected by 3D and off- 
profile structures and confirmed the necessity of the conducted 3D 
study. 
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continental earthquake swarms in West-Bohemia and Vogtland: a review. 
Tectonophysics 611, 1–27. https://doi.org/10.1016/j.tecto.2013.11.001. 

Flechsig, C., Bussert, R., Rechner, J., Schütze, C., Kämpf, H., 2008. The Hartousov 
Mofette Field in the Cheb Basin, Western Eger Rift (Czech republic): a Comperative 
Geoelectric, Sedimentologic and Soil Gas Study of a Magmatic Diffuse CO2-degassing 
Structure. Z. Geol. Wiss. 36, 177–193. 
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Hrubcová, P., Środa, P., Špičák, A., Guterch, A., Grad, M., Keller, G.R., Brueckl, E., 
Thybo, H., 2005. Crustal and uppermost mantle structure of the Bohemian Massif 
based on CELEBRATION 2000 data. J. Geophys. Res. Solid Earth 110. https://doi. 
org/10.1029/2004JB003080. 
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