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Abstract Maar-diatreme volcanoes are small volcanic structures with a funnel-shaped crater surrounded by
a tephra-ring. They are usually formed by the explosive phreatomagmatic eruptions when groundwater comes
into the contact with magma. We focus on such a structure in the geodynamically active western Eger Rift
(Czech Republic) and present results from multidisciplinary geophysical investigation calibrated by drilling

in the newly discovered Pleistocene BaZina maar. We evaluated morphological (LiDAR-based DEM) data and
confirmed the existence of a maar-diatreme structure by combined geophysical methods. In the map view, they
revealed circular negative gravity anomaly, funnel-shape low-resistivity anomaly, and strong magnetic anomaly.
These results allowed for the optimal location of two boreholes in the maar crater, which evinced its contact
with country rocks and lithologies of the maar-diatreme filling. The drilling revealed coherent volcanic rocks
and volcaniclastic deposits, moreover, it revealed a presence of a pyroclastic cone with the olivine nephelinite
feeding conduit. Further investigations disclosed maar structure and subsequent pyroclastic cone(s) with
several generations of eruptions and systematic decrease of water influence on the eruption style. Different
eruption styles suggest a unique evolution of two volcanoes, one inside the other. The age of the BaZina maar
eruption, estimated from the reverse polarity of the detected magnetic anomaly, implies that the effusion and
solidification of the lava during the eruption must be older than 0.78 Ma (Pleistocene). This points to an active
volcanism in the western Eger Rift in a span of ~0.5 Ma, where BaZina represents the oldest (maybe opening)
phase.

Plain Language Summary Maars are small volcanoes formed by the explosive eruptions when
water comes into the contact with magma. They can form topographic depressions, however, their discovery
is not easy and they can be easily missed in the fields. We focused on a newly discovered depression BaZina in
the western Eger Rift (Czech Republic), which was supposed to be such a maar. Combination of geophysical
surveys and drilling revealed small volcano with a complex structure. Geophysical results proved its magmatic
origin and allowed for the optimal location of two exploration boreholes. They evinced the maar contact

with the country rocks, coherent volcanic rocks and volcaniclastic deposits with basaltic conduit. Further
investigations disclosed several subsequent eruptions within the maar with different eruption styles, from
maar-forming eruption to Surtseyan style eruption and finally to Strombolian style eruption. These different
eruption styles suggest the unique evolution of two volcanoes, one inside the other. The schematized animated
history of this volcano is accessible at https://www.youtube.com/watch?v=VxhFrM6WRSc.

1. Introduction

Maar-diatreme volcanoes are produced by the explosive eruptions that cut deeply into the country rocks and form
broad flat-floored craters surrounded by low-relief tuff rings. They are generally accepted to be formed by the
explosive phreatomagmatic eruptions in a short time, which occur as a result of a violent expansion of magmatic
gas or steam, or when groundwater comes into the contact with hot lava or magma. These eruptions are usually
episodic, continuously propagating downwards and enlarging the crater (e.g., Lorenz & Kurszlaukis, 2007).
Structurally, they consist of a flat-floored maar crater surrounded by an ejecta ring, and a downward propagating
diatreme filled with pyroclastic breccia (White & Ross, 2011). The maar crater is commonly filled with water
and forms an oval lake, as is the case of many maars, for example, in the Eifel mountains in Germany (Sirocko
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etal., 2013). However, the maar can also be dry, which arises when water supply for the lake is not available, maar
lake dries out or becomes sediment-filled (e.g., Sirocko et al., 2013; White, 1990).

In contrast to other types of volcanoes, maar craters do not form edifices significantly rising above surrounding
landscape. Instead, funnel-shaped crater rimmed with easily removable tephra-ring is created (e.g., Lorenz &
Kurszlaukis, 2007). For this reason, their detection is much more complicated and they can be easily missed in
the fields. This is especially the case when the tuff ring surrounding the crater is eroded and/or the maar crater
is completely filled with post-eruptive sediments of any type. While the internal structure of other monogenetic
volcanoes can be revealed by erosion or quarrying (e.g., Foucher et al., 2018; Hintz & Valentine, 2012; Keating
et al., 2008; Petronis et al., 2013, 2018), the rock sequences of the maar infill can be more blurred due to their less
coherent and more erodible nature compared to country rocks. In the case of older (pre-Pliocene) maar-diatreme
volcanoes, the subsequent erosion of the surrounding country rocks may expose the diatreme facies, but usually
without maar-filling sequences (e.g., Latutrie & Ross, 2019, 2021; Lefebvre et al., 2013; Skéacelova et al., 2010;
Valenta et al., 2014). In some cases, the maar facies can be represented by a solidified lava-lake, preventing the
diatreme rocks from erosion (e.g., Latutrie & Ross, 2020). Knowledge of the evolution of the maar-diatreme volca-
noes, namely those of Quaternary age and the ones not affected by the erosion, is therefore highly dependent on
geophysical research (Barde-Cabusson et al., 2013; Bolds et al., 2012; Brunner et al., 1999; Flechsig et al., 2015;
Mrlina et al., 2009; Oms et al., 2015; Skacelova et al., 2010). Drilling investigations upgrade our knowledge;
however, they are usually limited to lacustrine sequences in the maar-crater filling (Lduchli et al., 2021; Mrlina
et al., 2009; Peti & Augustinus, 2019; Zolitschka et al., 2013) and therefore not comprehensive enough to provide
the whole picture.

Occasionally, continuing magma supply persisting after the maar eruption may lead to a formation of a
maar-hosted lava-lake, as is the case of the Hopi Buttes Volcanic Field in Arizona (Latutrie & Ross, 2020).
If the feeder migrates, it may lead to a composite maar(s)/tuff-cone complex as in Jeju Island, South Korea
(Sohn & Park, 2005). It can also create a scoria cone at the maar edge as in case of the Lunar Crater Volcanic
Field, Nevada (Amin & Valentine, 2017). More rarely, it can also create a scoria cone within the crater itself (El
Jagiiey-La Brefia complex, Mexico: Swanson, 1989; Pula maar, Hungary: Németh et al., 2008; Pali Aike Volcanic
Field, Argentina: Ross et al., 2011; Auckland Volcanic Field, New Zealand: Németh et al., 2012; Meke maar,
Turkiye: Giillii & Kadioglu, 2019). They provide valuable insight into the processes forming a maar nested with
scoria-cone. However, sometimes their possibilities are limited; especially in case of maar-hosted scoria cones
with investigations confined to morphology and/or superficially exposed pyroclastic sequences.

Some windows into the internal structure of the maar hosting a scoria cone can be provided by partly eroded
volcanic fields. Valentine and van Wyk de Vries (2014) described the Mardoux diatreme structure in Gergovie
(France) with intrusions suggesting the original presence of pyroclastic cones on the top of the diatreme inside
the maar; however, they did not find any evidence of the scoria cone in the eroded diatreme. The Oligocene Luz/
Lausche volcano at the border among the Czech Republic, Poland, and Germany revealed a scoria cone inside the
maar where the hosting maar was in later phase protruded by a phonolite lava dome, significantly obscuring the
maar-scoria cone settings and relationships (Wenger et al., 2017). However, there are still open questions related
to such pyroclastic cone successions and their evolution within the maar-crater.

In this paper, we shed more light on the evolution of the maar-hosted pyroclastic cones. We present an image of a
maar-diatreme volcano hosting a set of pyroclastic cones, which was newly discovered at the western flank of the
Cheb Basin in the western Eger Rift (Czech Republic at the border with Germany). It sits in the intra-continental
geodynamic area (Figure 1), where the activity is manifested by mid-crustal earthquake swarms, massive diffuse
degassing of mantle-derived CO, (e.g., Briuer et al., 2003; Fischer et al., 2017, 2020) and Cenozoic volcanism
at the intersection of the western Eger Rift with major intraplate faults and tectonic zones (Ulrych et al., 2011).
The volcanism is of intraplate alkaline character and is documented in two Quaternary scoria cones and series of
maars. Two of these maars (Ztraceny rybnik and BaZina; Figure 1) were newly discovered based on the evaluation
of the morphological data (LiDAR-based DEM) and ground geophysical investigation (HoSek et al., 2019; Mrlina
et al., 2019). In this paper, we focus on the BaZina maar and discuss results from multidisciplinary geophysical
investigations calibrated by drilling in the frame of the ICDP Eger project (International Continental Drilling
Program; Fischer et al., 2022). Apart from the internal structure, we show how detailed pre-drill geophysical
research contributed to a proper selection of the drill site, which concluded in revealing the unique structure of a
maar volcano with several generations of eruptions. Such results not only improve our understanding of volcanic
processes but also shed light on tectonic evolution at the western margin of the Eger Rift.
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Figure 1. The West Bohemia geodynamic region with the Cheb Basin at the intersection of the Eger Rift and the Cheb-Domazlice Graben (CDG). TF, Tachov Fault;
MLF, Marianské-Lazné Fault. The earthquakes (red circles), CO, degassing (cyan circles), and mofettes (blue squares) indicated together with the position of six
Quaternary volcanoes (NM, Neualbenreuth maar; MM, Mytina maar; ZH, Zelezna hiirka and KH, Komorni htirka scoria cones). The inset (top left) shows the zoomed
part of two newly discovered maar-diatreme volcanoes (Ztraceny rybnik and BaZina) based on LiDAR-DEM data (DMR 5G, https://geoportal.cuzk.cz). The inset (top
right) shows the Cenozoic volcanism (in black) in central Europe (after Ulrych et al., 2011) with the red rectangle indicating the West Bohemian region.

2. Tectonic Setting

The Cenozoic alkaline intraplate volcanism of the Bohemian Massif, the easternmost termination of the
Variscan orogenic belt in central Europe, belongs to the Central European Volcanic Province (CEVP; Wilson &
Downes, 1991). It forms an arc-shaped belt, which extends from the western to the easternmost parts of the massif.
The most prominent western segment is associated with the NE-SW trending Eger Rift (Prodehl et al., 1995),
which is considered to be a reactivated Variscan suture zone separating lithospheric domains: the Saxothuringian
in the NW from the Moldanubian and Tepla-Barrandian in the SE (Babuska & Plomerov4, 2001). Such a reacti-
vation indicates a structural control on the Cenozoic volcanic activity (Babuska et al., 2010) with magmatic rocks
compositionally similar to rocks from other parts of the CEVP in range from melilitites, basanites, alkali basalts
and possibly carbonatites to evolved rock types such as phonolites and trachytes (Ulrych et al., 2011).

The Cenozoic magmatic activity of the Bohemian Massif lasted from the Late Cretaceous until the Middle Pleis-
tocene (Ulrych et al., 2011) with the climax during the Oligocene—Lower Miocene (Biichner et al., 2015; Holub
et al., 2010; Skala et al., 2014; Ulrych et al., 2003). During this time, the alkaline magmas erupted mainly along
the NE-SW trending suture between the Saxothuringian and Tepl4d-Barrandian domains of the Bohemian Massif
(Ml¢och & Konopasek, 2010) with significantly smaller magma batches erupted aside this zone. After the termi-
nation of the main volcanic phase during the Miocene, the Eger Rift (Figure 1) was subject to the extension and
subsidence along the same NE-SW trending Variscan suture zone (Rajchl et al., 2009). The opening of the Eger
Rift was accompanied by a decrease in volcanic activity and its shift to the rift shoulders (Rapprich et al., 2007;
Ulrych et al., 2016).
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The following evolution of the Bohemian Massif during the Pliocene and Pleistocene was characterized by signif-
icant re-distribution of tectonic and volcanic activity (e.g., Rajchl et al., 2009; Ulrych et al., 2011). The prom-
inent tectonic feature of this period was a system of NW-SE to NNW-SSE trending left-lateral faults, almost
perpendicular to the Eger Rift, crosscutting the Bohemian Massif at various segments. In the eastern margin
of the Bohemian Massif, the Marginal Sudetic Fault was associated with Early Pleistocene (Gelasian) Bruntal
volcanic field (Cajz et al., 2012). In the northern part of the Bohemian Massif, the Pliocene reactivation of the
Lusatian overthrust was associated with the reactivation of the Jicin Volcanic Field (Cajz et al., 2009). Finally,
the NNW-SSE transtensional Cheb-Domazlice Graben (CDG) opened near the western margin of the Bohemian
Massif. The CDG hosts the Cheb Basin (Figure 1), which initiated in the Eocene, continued during the Eger Rift
opening and rejuvenated with the activation of the CDG (épiéékové et al., 2000). The area is also weakened due
to a triple junction of three lithospheric domains of the Bohemian Massif (Babuska et al., 2007).

The CDG is delimited by two fault systems, the Maridnské Lazné Fault (MLF) zone in the east (Fischer
et al., 2012) and the Tachov Fault (TF) in the west (Figure 1). Both systems differ in the expression of the
Pleistocene-Holocene activity. The MLF is associated with a massive diffuse degassing of mantle-derived CO,
(Bréuer et al., 2003, 2008) and with a periodic occurrence of the earthquake swarms (Fischer et al., 2014; Horalek
& Fischer, 2008), but without signs of the post-Miocene volcanic activity. The TF exhibits less recent seismicity;
however, this fault is associated with several Pleistocene volcanoes (e.g., Ulrych et al., 2003). Fluid degassing
of CO, in the Cheb Basin and surrounding areas is in the form of wet and dry mofettes, and mineral springs.
They comprise high portions of mantle-derived helium and CO,, which indicate mantle origin and fluid trans-
port from the depleted lithospheric mantle (Bréuer et al., 2009; Mufioz et al., 2018; Platz et al., 2022; Weinlich
et al., 1999), possibly with imprints at the crust-mantle boundary (Hrubcova & Geissler, 2009; Hrubcova
etal., 2005, 2013, 2017).

We focus on the volcanic activity along the TF with several Pleistocene volcanoes (Figure 1). Two scoria cones
Komorni hiirka/Kammerbiihl (KH) and Zelezna hiirka/Eisenbiihl (ZH) have been known since the 18th century
(e.g., Gottsmann, 1999; Hradecky, 1994; Rapprich et al., 2019), while the other Pleistocene volcanoes in this area
remained undisclosed until the last two decades. First, the Mytina maar near ZH scoria cone was disclosed in the
Czech Republic (Mrlina et al., 2009), followed by the Neualbenreuth maar in Germany (Rohrmiiller et al., 2018),
both penetrating phyllites of the Dylen massif. The age of their eruption was determined from Ar-Ar geochronol-
ogy to the Mid Pleistocene, at 0.27-0.29 Ma (Mrlina et al., 2009; Rohrmiiller et al., 2018). More recently, twin
maars Ztraceny rybnik and BaZina in the northern segment of the TF zone in the Czech Republic were recognized
(Hosek et al., 2019; Mrlina et al., 2019), both penetrating granites of the Smrc¢iny batholith.

3. Data and Methods
3.1. Geomorphology From LiDAR-Based Data

We started our research with inspecting the geomorphology. New airborne laser imaging (LiDAR) carried out on the
territory of the Czech Republic during 2013-2016 resulted in the Digital Model of the Relief of the Czech Republic of
the 5th Generation (DMR 5G). These data with their regular updates are accessible through the web interface (https://
geoportal.cuzk.cz) and provide the elevations (Baltic referenced) with the mean error of 0.18 m in an open landscape
and of 0.3 m in a forest area. They represent a source data set for creating contour maps of a high level of detail.

A close inspection of these morphological data around the Cheb Basin enabled us to discover two new circular
depressions, Ztraceny rybnik and BaZina (Figure 1). They both were suspected to originate from a maar-forming
eruption. To confirm that, we further investigated them by ground geophysical surveying, and later by drilling.

3.2. Geophysical Investigations

First, these twin circular morphological depressions Ztraceny rybnik and Bazina (Figure 1) were examined by
ground gravimetry and magnetometry as relatively fast and operational reconnaissance surveys. The gravity
measurements helped to verify the origin of the morphological depressions and their possible relation to a maar
structure. The magnetometry targeted possible mafic feeder dikes or lava accumulations. The ground resistivity
measurements interpreted by the electrical resistivity tomography (ERT) method disclosed further details of
the maar filling and its contact with the country rocks. Results of these combined geophysical investigation
confirmed maar origin of both depressions; however, it also disclosed their differences. Whereas the Ztraceny
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Figure 2. (a) The morphology (LiDAR-based DEM) of the BaZina maar. (b) The Complete Bouguer anomaly. Note the relative negative anomaly of —2.8 mGal (blue
color) with the minimum at 11.2 mGal, delimited by the 14 mGal contour-line coinciding with the circular shape of the morphological depression. The expected upper
edge of the maar (diameter of 300 m) is indicated by violet dashed line; red line indicates the modeling section; the position of drill holes S4 and S4b also indicated.
(c) Gravity modeling along the W-E section. The anomaly with the observed and calculated gravity. The red curve represents the difference between the observed and
calculated values. (d) The density model (in g/cm?) of the BaZina maar along the EW profile. The green line is the approximation of the maar wall dipping at 69° from
horizontal; the S4 drill hole cuts this modeled maar wall at 160 m depth.

rybnik maar displayed relatively simple electrical resistivity image and the absence of magnetic anomaly, the data
from the BaZina maar revealed strong magnetic anomaly and suggested more complex setting. For these reasons,
in our research, we focused on the BaZina maar.

3.2.1. Gravity Measurements

The gravity measurement was performed with the Scintrex CG-6 and LaCoste-Romberg D gravimeters supported
by GNSS and total station surveying. In the BaZina maar, the survey comprised 90 gravity high-resolution points
measured with the accuracy of 0.012 mGal for the observed gravity and the accuracy of 0.05 m for the elevation
(Mrlina et al., 2019). The processing involved terrain corrections and resulted in the Complete Bouguer anoma-
lies. They were interpolated by the kriging procedure (Mrlina et al., 2019), and plotted with the Surfer program
package (Golden Software) (Figure 2). The resulting anomalous gravity was negative and coincided with the oval
shape of the morphological depression. Its almost isometric shape has a diameter of about 300 m with a small
extension toward NE where the maar depression opens into a small brook. The Complete Bouguer anomaly mini-
mum of 11.2 mGal (Figure 2b) represents the relative negative anomaly of —2.8 mGal (Figure 2c) delineating the
extent of low-density rocks, mainly maar sediments and volcaniclastic deposits.

The Complete Bouguer anomalies (Figure 2b) served as the input for the 3D forward-inverse gravity modeling
(Figures 2c and 2d). The density model of the maar-diatreme structure was inverted from the gravity data in a
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Figure 3. The geomagnetic survey in BaZina maar superimposed on LiDAR-based DEM data. (a) The relative magnetic anomaly AT; note its NS-oriented dipole
character with a distinct magnetic minimum (blue) in the south and related maximum (red) in the north. (b) The magnetic anomaly reduced to pole (RTP); note its
half-circular horseshoe shape with negative values amounting —3,000 nT. The anomaly suggests the presence of a magnetic body with a strong remanent magnetization
of reversed polarity. The expected upper edge of the maar is indicated by a violet dashed line. The profiles P5, P6, and P7 for the electric measurements are marked by
blue lines; position of both drill holes S4 and S4b are also indicated.

3D mesh consisting of rectangular blocks with the highest resolution of 5 X 5 X 5 m at the surface and slightly
decreasing resolution with depth. The inversion and modeling were conducted with the SimPEG python-based
software package (Cockett et al., 2015). Low densities of 1.90-2.20 g/cm? were attributed to the maar-lake sedi-
ments, higher densities of 2.20-2.40 g/cm? were assigned to the volcanic breccias (volcanic and country-rock
breccias with possible coherent intrusive rocks) below the maar-lake sequences. The granite country rocks with
2.65 g/cm? represented the background for modeling of anomalous maar-diatreme gravity. According to numer-
ous studies (e.g., Lorenz & Kurszlaukis, 2007), we applied a funnel shape to model the maar-diatreme geometry,
where the slope of the maar-diatreme wall was fitted by curves or lines and tested for the dip angle. Finally, we
interpreted the slope of the maar wall by a straight line with a dip of ~70° from horizontal, which showed a
reasonable fit of the observed and calculated gravity.

3.2.2. Magnetic Measurements

The magnetic field measurements were carried out with the portable magnetometer GSM-19GW Overhauser
(GEM Systems) with a sampling frequency of 1 Hz and a sensor located 2 m above the ground. The resolution of
the instrument is 0.01 nT; the absolute accuracy is +0.1 nT. The GPS locations were determined by the Garmin
GNSS. The variations of the geomagnetic field were determined by the proton-precession magnetometer Satis-
Geo PMG-2 with the resolution of 0.1 nT; the normal value of the geomagnetic field at the site during the meas-
urement (June 2019) was based on the World Magnetic Model (Chulliat et al., 2020) and amounted 49,060 nT.
Processing of the data involved removal of the outliers (e.g., produced by artificial metallic objects) and correc-
tions for the diurnal variations of the geomagnetic field. In the final step, the data were recalculated by kriging
interpolation to a regular grid of 10 X 10 m and plotted as a contour map.

The measured values of the geomagnetic field varied between 44,500 and 49,860 nT. After processing, the rela-
tive values AT revealed strong magnetic anomaly coinciding with the morphological depression (Figure 3a). This
anomaly showed N-S-oriented dipole character with a distinct minimum in the south and related maximum in
the north. Because of the dipole character of the magnetic data, these data were reduced to pole (RTP) with the
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Figure 4. The 2D electric resistivity tomography models along three profiles P5, P6, and P7 depicted in the inset. The
color intensity expresses the reliability of resistivity determination. Note low resistivity values (<200 Qm, blue colors)
concentrated in the center of the maar and forming low-resistivity anomaly of a circular shape with very steep edges (~60°
from horizontal). The position of drill holes S4 and S4b indicated.

algorithm described by Cooper and Cowan (2005), which enabled to highlight the shape of the anomaly. The RTP
results revealed distinct negative values roughly marked by the —1,000 nT contour line and showed the lowest
values of more than 3,000 nT below the normal geomagnetic field (Figure 3b).

This negative RTP anomaly was of a half-circular horseshoe shape and its minimum coincided with the southern
and western margins of the morphological depression near the expected edge of the diatreme (Figure 3b). Such a
setting suggested the presence of a magnetic body with a strong remanent magnetization. Moreover, the magnetic
anomaly had the maximum in the north and the minimum in the south (Figure 3a), and the distinct RTP anomaly
was negative (Figure 3b), which evinces the reversed polarity of the remanent magnetization. Such a reverse
magnetization helped in dating the maar evolution and is discussed later in the text.

3.2.3. Electrical Resistivity Tomography

In addition to gravity and magnetic measurements, a ground resistivity investigation was performed in order to
specify spatial distribution of the anomalous bodies and namely their depth. We designed three profiles PS5, P6,
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Figure 5. The 3D resistivity model based on all available ERT data (BERT software; Giinther et al., 2006). Note low-resistivity anomaly (resistivities <200 Qm, blue
color) of a circular shape. Individual profiles P5, P6, and P7, with boreholes S4 and S4b are highlighted.

and P7 (Figure 4) and carried out field electrical measurements with the ARES II instrument (Gf-Instruments,
Ltd.), which included a powerful transmitter (850 W, necessary for measuring large depths and distances) and
stainless-steel electrodes. We applied several electrode configurations along the profiles: the Wenner-Schlumberger
and dipole-dipole configurations were used at all profiles; the profile P5 was also measured with the pole-dipole
and reversed pole-dipole arrays to increase the depth penetration. The inter-electrode distance on all profiles was
5 m. The “infinity” electrode consisted of an array of three 0.75-m-long electrodes grounded in the marsh of the
nearby brook, with a distance of ~2,500 m in the direction perpendicular to the PS5 profile.

To increase the reliability and resolution in the final inversion, we combined the individual data sets from differ-
ent resistivity methods, removed the outliers and added the topographical information. For the inversion, we
used the BERT software package (Giinther et al., 2006; Riicker et al., 2006) and weighted data residuals with
the L, norm to further decrease the effect of possible measurement errors. The inversion resulted in the electric
resistivity tomgraphy (ERT) model along P5-P7 profiles (Figure 4) with the resistivities depicted as triangles
of the inversion finite element mesh colored according to model resistivities. In addition, a 3D inversion (using
all measured data) with the same inversion software was performed. Although the data coverage was quite low
for a detailed 3D model, it was possible to obtain a smooth 3D distribution of resistivities and get a general 3D
overview of the investigated structure (Figure 5).

The modeled resistivities ranged between 30 and 5,000 Qm with strikingly low values confined to the center
of the morphological depression (Figure 4). This low-resistivity anomaly (resistivities <200 Qm) had a circular
shape with ~300 m in diameter and exhibited a thickness of ~90-100 m with very steep edges (~60° from hori-
zontal). The near-surface values of resistivities were generally high (300 Qm and more, often exceeding 2,000
Qm); however, the surface layer was generally thin, only few meters thick, slightly increasing to ~10 m on the
western part of profiles P5—P7. The country rocks at the margins of all profiles exhibited high resistivity zones
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Figure 6. The S4b drill core (granite) at the depth of 140.5 m. It shows the
maar-diatreme contact with the granites along a sharp plane dipping 68° from
horizontal (measured by clinometer) distinctly visible on the granitic core

sample.

sometimes exceeding 5,000 Qm. The transition to the central low-resistivity
anomaly was generally sharp; however, it consisted of a number of small-scale
low-resistivity anomalies (~100 Qm and less), especially on profiles P5 and
P7, suggesting a more complex geology than just a simple contact of the maar
filling sequences with the country rocks.

3.3. Drilling Investigation
3.3.1. Site Selection

The results of geophysical investigations of the circular morphological
depression BaZina indicated a structure with circular negative gravity anom-
aly (Figure 2), horseshoe-shaped negative magnetic anomaly (Figure 3), and
funnel-shaped low-resistivity anomaly (Figures 4 and 5). All these results
pointed to a volcanic maar origin of the newly discovered structure. To
confirm its volcanic origin and explore the maar-diatreme in more detail,
a 400 m deep borehole was designed. Moreover, the ultimate target of the
borehole was to provide a place for the deployment of a borehole seismome-
ter in the frame of the ICDP Eger project (Fischer et al., 2022). To fulfill such
different multidisciplinary targets, the borehole location had to meet several
criteria, sometimes with competing objectives. The location was required
to be:

1. not far from the maar edge, which would allow to reach the contact
of the maar-diatreme with the country rocks at a reasonable depth and
continue drilling to deploy the seismic sensor deeply in the solid granitic
rocks;

2. close to the center of the maar, where sediments are less disturbed to
obtain a complete sedimentary record of the maar filling;

3. in the strong horseshoe-shaped magnetic anomaly to reveal its source;

4. upon the elevation inside the maar near its western edge to reveal the origin of the elevation;

5. in only few accessible parts of the mostly swampy maar.

Furthermore, the estimated dip angle of the maar walls remained crucial in the decision on the borehole location
and limited the selection. The gravity (Figure 2d) and resistivity (Figures 4 and 5) models indicated steep slope
of the maar walls (60°-70° from horizontal), which constrained the selection. On the other hand, the magnetic
anomaly predisposed the drill site location to the southern or western margin of the morphological depression,
the maar.

Based on the evaluation of these aspects, the S4 drilling site was selected optimally to meet most of the
above-mentioned criteria. It was located in the western part of the maar, in the area of a small elevation within
the maar structure (Figure 1). The elevation provided solid basement for the drilling rig (5) and could answer the
questions on the origin of the elevation (4). It coincided with the western place of the horseshoe-shaped negative
magnetic anomaly, which could provide direct evidence of its origin (3). Its position at about 140 m from the maar
edge with the estimated dip of the maar wall (60°~70° from horizontal) could enable to reach the surrounding
granites in ~100-200 m depth, reasonably enough to drill another 200-300 m in the solid granitic rocks for a
safe deployment of a seismic sensor (1). Reaching the contact with the granites could also enable to explore the
maar-diatreme/granite contact zone, its geometry, and the rate of rock deformation.

3.3.2. Drilling Results

The borehole S4 was realized at the pre-selected site and reached the depth of 400 m. It was designed as vertical,
and its inclination did not exceed 2°. The borehole penetrated various volcanic rocks and volcaniclastic deposits
in the fill of the BaZina maar crater. Then, it reached the granitic country rocks (Figure 6) at the depth of 170 m,
from where it continued down to 400 m through the solid granites. These granites were of two types, less-altered
and strongly altered biotitic granite, porphyritic with alternating coarse and fine-grained varieties (for details on
granites, see Fischer et al., 2022).
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Figure 7. The lithology profile and logging data of the S4 borehole in the depth range of 0—200 m. The missing data (Vp, Vs and inductions) in a depth range of 0-130
m are due to provisional casing supporting the borehole.

The coherent volcanic rocks and volcaniclastic deposits of the S4 borehole (Figure 7) comprised almost the whole
sequence of the BaZina maar-diatreme filling, except for few upper meters of the Quaternary colluvial deposits.
These sequences started with the 36-m-thick volcaniclastic deposits at depths of 7.8—43.7 m and were followed
by basaltic scoria lapilli-stones (depths of 43.7-60.0 m). The upper volcanic sequences were interrupted by a
6-m-thick vein of apatite rock (depths of 60-66 m) intersecting the volcanic layers. At the depth of 66 m, the S4
drill hole reached solid basaltic lava, which extended to the depth of 129.4 m (range of 66.6—-129.4 m). The resting
sequence until the 170 m depth (range of 129.4-170.0 m) represented the pyroclastic rocks and lavas (olivine
melilitite). In such a way, the apatite rock intruded along the contact between the upper scoria deposits and the
olivine nephelinite underneath. Moreover, the olivine nephelinite intruded into the sequence of pyroclastic rocks
and lavas (olivine melilitite), preserved underneath this intrusion until the contact with the granitic country rocks.

The S4 drill core revealed a complex lithology of volcaniclastic rocks and olivine nephelinite feeding conduit
interrupted by the apatite rock. This invoked questions about the lateral extent of these units and the size of the
feeding conduit. With the aim to get the answers to these problems and to confirm the dip angle of the maar
wall, a parallel S4b borehole was designed. It was drilled 15 m apart from the S4 drill hole toward NW, a bit
closer to the maar edge (Figure 1). This S4b borehole (also vertical) penetrated similarly the volcanic rocks and
volcaniclastic deposits of the maar fill. Finally, it reached the contact with the granites at the depth of 140.5 m
(Figure 6) and terminated in granites at the depth of 150 m (Figure 8). However, though close to the S4 hole, the
S4b borehole did not cut the apatite rock.
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Figure 8. The lithology profile and logging data of the S4b borehole. GR - gamma ray.
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As revealed by both S4 and S4b cores, the contact with the granites was sharp, along a plane dipping 68° from
horizontal (Figure 6). Another independent estimate on the slope of the diatreme wall resulted from the spatial
locations of both boreholes and their contacts with granite at depth and amounted 68° (lower estimate resulting
from non-radial two borehole locations within the maar). These findings agreed well with the results from the
pre-site geophysical investigation predicting the dip of 70° from the gravity modeling and 60° from the ERT
results. The granite was strongly altered at a place of S4 (at a depth of 170 m), while less altered at a place of
S4b (at a depth of 140.5 m); in both cases, the granite was porphyritic, biotitic and coarse-grained, with numer-
ous inclined fractures supporting the concept of an abrupt maar-forming phreatomagmatic explosion. Detailed
petrographic description of the main volcanic lithologies along the S4 and S4b boreholes is presented in the
Supplementary Information (SI).

The results from drillings of both boreholes gave the answer to two principal questions: (a) The volcaniclastic
deposits together with the underlying olivine nephelinite and olivine melilitite (basaltic s./.) lavas represent the
source of the magnetic anomaly. (b) The near-surface elevation is composed of colluvium and volcaniclastic
deposits suggesting its origin from volcanic activity following the maar-forming eruption.

3.3.3. Well-Logging and Core Measurement

The well-logging data provided further constrains on stratigraphy of both S4 and S4b boreholes. Since we focused
on the maar-diatreme structure and the S4 borehole reached the granitic country rocks at the depth of 170 m, we
focus on the depth range of 0-200 m along the S4 borehole profile (Figure 7); the S4b profile is presented for the
complete drilled depth range of 0—150 m (Figure 8). The well-logging comprised gamma ray, neutron-neutron,
density, resistivity, P and S wave velocity, focus electrical resistivity, electrical conductivity, caliper, and tempera-
ture measurements. All logging measurements were depth matched using the gamma ray as the reference logging
present in all probes (Fischer et al., 2022).

The variation in lithology within the maar-diatreme structure was well captured by the gamma ray log. This
applies especially for the S4 borehole, where the natural gamma ray log shows very low average values with a
sharp spike of 50 pR/h for the apatite rock, clearly delimiting this formation at depths of 60—66 m. Similarly, the
onsets of granitic rocks at 170 m (S4) and 140.5 m (S4b) with increase values are clearly visible from an abrupt
increase of natural gamma ray logs related to the higher content of the radioisotopes in granite. Interestingly, also
neutron-neutron log clearly delimits the underlying granites by the increase of slow neutron count due to smaller
porosity of the granites compared to the overlying volcaniclastic deposits.

The magnetic susceptibility measurements complemented the logging and supported the resulting lithologies. In
case of the S4b borehole, the magnetic susceptibility was measured during logging (Figure 8); in case of the S4
borehole, the magnetic susceptibility was obtained from the core samples (Figure 7). In the latter case, the meas-
urement was realized by portable hand-held kappameter KT-5, consistently probing all core samples at the same
angle. Since some pieces of the core were detritic, the susceptibility values were approximated and have to be
considered as relative. The observed values ranged from less than 0.01 X 103 u.SI for near-surface sediments and
some parts of granite and apatite rocks, to about 40 x 10~* u.SI for volcanic and volcaniclastic rocks (Figures 7
and 8). These increased values reflecting coherent volcanic rocks and volcaniclastic deposits clearly delimited
the contact with granites. The variability in lithology between two sub-parallel boreholes S4 and S4b (Figures 7
and 8), which are only 15 m apart, is remarkable, and demonstrates the heterogeneity close to the maar-diatreme
edge.

4. Discussion
4.1. Evaluation of Combined Geophysical and Drilling Results

Combination of different geophysical results constrained by the S4 and S4b lithological profiles enabled more
profound geological interpretation and overcame some of the limitations of individual geophysical methods. In
case of the electrical methods, the limitations relate to the depth of investigation and the fact that similar resistivi-
ties can represent different rocks. This is documented in Figure 9, which matches the ERT cross-section along the
P5 profile with lithological profiles of both boreholes. According to resistivities, the ERT section can be divided
into three domains: the central domain with low resistivities in its upper part (corresponding to the maar-fill
sequences) and two high-resistivity domains on both sides of the profile (corresponding to granite country rocks).
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Figure 9. The interpretation of the electrical resistivity tomography (ERT) cross-section along PS5 profile together with
lithologies from the S4 and S4b boreholes. The color intensity expresses the reliability of the ERT resistivity determination
and its decrease with depth. Note its faster decrease in the central low-resistivity domain (maar-lake sediments) compared to
the outside high-resistivity domains (granites).

The color intensity expresses the reliability of the resistivity determination and decreases with depth. Moreover,
the color intensity decreases faster in central low-resistivity domain than outside in high-resistivity domains. This
is caused by focusing of the electric current in the conductive layers, which is an inherent characteristic of the
electrical resistivity methods. As a result, the ERT does not provide information on the resistivity distribution of
the maar-filling sequences beneath the 90 m depth.

The comparison of the ERT with the lithological profiles shows that the low-resistivity domain (~100 Qm
and less) corresponds to the altered and water-saturated pyroclastic deposits, which can be both primary and
re-sedimented. Similar resistivities extend to the SE to the depths of 90-100 m and fill the remaining part of the
maar; however, their origin may be different. In the central and SE parts, these low-resistivities may rather repre-
sent the maar-lake sediments and the similarity in resistivity values is evoked by porosity and water saturation, a
sensitive factor in the electrical methods (e.g., Soleymanzadeh et al., 2021).

The increased resistivities (~200 Qm, light blue color) below 60 m depth at the place of both boreholes corre-
spond to the coherent rocks and include the apatite rock and the olivine nephelinite. With increasing depth, the
resistivities increase and reach high resistivities at depths of 70 m (S4b) and 100 m (S4) similar to resistivities for
the country rocks (>1,500 Qm, reddish color). Though these high resistivities (at depths of 70—140 m for S4b and
100-170 m for S4) are similar to resistivities of the granite country rocks, they do not represent granite, but they
represent solid volcanic rocks within the maar-diatreme.

This makes the low-resistivity central domain asymmetric and shallower in the NW (Figure 9) and evokes the
impression of the asymmetric shape of the whole maar. However, the drillings revealed that the high-resistivity
zone below 40 m depth corresponds to the volcanic feeding conduit that probably evolved along the weakened
contact with the maar-diatreme wall. Thus, the true maar-diatreme shape is symmetric. This clearly surpasses the
resistivity results especially in case of the intrusions within the maar, where granites (country rocks) and basalts
(intrusions) have similar high resistivities and thus are indistinguishable by resistivity methods. The drillings
provide direct evidence and restrict from implying false interpretations of the BaZina maar evolution.

Gravity modeling, which suffers from a trade-off between density and size of the modeled body, benefited from
the ERT results in estimating the depth of the maar filling (the upper low-density layer with the density of
1.9-2.2 g/cm?; Figure 2d). It was constrained by the depth of low resistivities above ~100 m and resulted in the
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optimal fit between measured and modeled gravity curves. The dip of the maar-diatreme wall was concluded from
the gravity model. Its combined interpretation with the ERT model resulted in a robust estimate of the maar-wall
dip between 60° and 70° from horizontal. The ERT model also served for the identification of the maar edge at
profiles P5 and P7 and allowed for precise location of the borehole. Such a location at ~140 m from the maar
edge with the estimated dip of the maar wall in the range of 60°~70° anticipated to reach the contact of the maar
with the surrounding granites in ~150-200 m depth, reasonably enough to drill another 200-300 m in solid
granitic rocks for a safe deployment of the seismic sensor. The measured inclination of the maar-diatreme wall of
68° would suggest the depth of the diatreme at ~380 m; assuming larger inclination of the maar-diatreme wall at
deeper parts concludes its depth at ~600 m (Figure 10).

The location of the borehole was further constrained by the magnetic field measurements, which revealed
pronounced magnetic anomaly indicating presence of a magnetic body with a strong remanent magnetization.
The horseshoe shape of this anomaly (Figure 3b) suggests a magma ascent along the diatreme walls (Figure 10).
The arrangement of the remnants of pyroclastic cones also supports this model. In addition, the lavas emit-
ted from the individual cones formed rather limited tongues, emphasizing the magnetic anomaly bordering the
diatreme rim. In the case of larger lava volume emission, the resulting lava lake would fill the remaining part of
the maar-crater depression next to the cones, producing significant, almost isometric, magmatic anomaly in the
central to northeastern part of the maar, as documented in other lava-filled maars (e.g., Bol6s et al., 2012; Valenta
etal., 2014).

The selection of the drilling site on the top of the small elevation of hitherto unknown origin within the maar
structure was fortunate. Both S4 and S4b boreholes identified pyroclastic deposits overlying intrusive facies and
feeding conduits, suggesting that the elevation represents an erosional remnant of a pyroclastic cone. Moreover,
a close-up re-evaluation of the morphological data (LiDAR-based DEM) enabled to detect other small elevations
within the depression more to the north (Figure 10a). Being of similar character, these elevations can represent
sequential volcanic activities where at least three pyroclastic cones grew within the maar crater. The alternation of
pyroclastic deposits (explosive phase of pyroclastic cone growth) with the lava layers (effusive event terminating
each explosive event) in the S4b borehole suggests a repeated activity associated with the growth of successive
pyroclastic cones inside the maar crater.

4.2. Eruption Styles and Evolution of Two Volcanoes

The S4 and S4b borehole lithologies revealed products of two subsequent volcanic activities within the BaZina
maar following the initial maar-forming explosion (Figure 10).

1. The older activity is documented by the hypocrystalline and poorly vesiculated character of the pyroclasts in

the lowermost part of the successions (below the olivine nephelinite intrusion), which evidences the hydro-
magmatic fragmentation (Cole et al., 2001; McPhie et al., 1993; Murtagh & White, 2013). Predominance of
juvenile (magmatic) pyroclasts and relatively low content of country rock xenoliths is in a good agreement
with the deposits of the Surtseyan style eruption (Kokelaar, 1983; Németh & Koésik, 2020a). Shallow-water
hydromagmatic explosion of the Surtseyan style corresponds well with the initial stage of a pyroclastic
cone growth within the shallow-water settings (e.g., Gjerlgw et al., 2015; Murtagh & White, 2013; Németh
et al., 2006; Németh & Késik, 2020b), in our case the already existing maar lake. The Surtseyan style erup-
tions were associated with several lava flows, as evidenced from the sequence. Similar successions with lava
flows embedded within Surtseyan pyroclastic deposits were documented already during Surtsey eruption
(1963-1967; Thordarson & Sigmarsson, 2009), and are also known from ancient volcanic successions (e.g.,
Martin & Németh, 2004).
The overlying body of the olivine nephelinite (with almost 63 m of the drill-core sequence) is too thick to
represent a lava flow of mafic (low-viscosity) volcanic rock. More likely, this body represents a conduit of the
pyroclastic cone. According to the transition to the highly vesicular or even brecciated facies in the uppermost
part, the feeding conduit was probably associated with a lava lake within the intra-cone crater. The growth
of the pyroclastic cone led to the insulation of the eruption from the lake-water influence, similarly as docu-
mented by Németh et al. (2006) in Vanuatu.

2. The subsequent activity (documented by the drill core above 60.0 m depth) is characterized by lower inten-
sity of fragmentation and good vesiculation suggesting rather the Strombolian style eruption (e.g., Kiyosugi
etal.,2014; McPhie et al., 1993; Taddeucci et al., 2015). In contrast to weakly vesiculated and more fragmented
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Figure 10. Interpretation of the BaZina maar hosting the post-maar pyroclastic cones: (a) the morphological elevations within
the Bazina maar; #1, #2, #3 suggest possible successions of the pyroclastic cones developed in time (#1 being the oldest).
Violet dashed lines delimit the maar crater. (b) The schematic BaZina maar-diatreme cross-section based on geophysical and
drilling data. Note the older pyroclastic deposits including lavas of the Surtseyan eruption followed by younger pyroclastic
deposits with lavas of the Strombolian eruption forming scoria cone detected at the surface. The Strombolian scoria cone
grew atop the Surtseyan cone, when the growing cone breached water level of the maar-hosted lake. Redeposition of

loose pyroclastic material washed from the Strombolian cone supplied the lacustrine sedimentation. The geometry of the
maar-diatreme structure suggests the depth of the diatreme at ~600 m.
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Surtseyan lapilli, the highly vesiculated Strombolian scoria fragments evidence drier eruption driven mainly
by the expansion of volcanic gasses.

The emplacement of the apatite-rock vein terminated the construction of the post-maar pyroclastic cones, which
is evidenced from the scoria impregnation with the apatite (depths of 60—66 m). Porosity with the absence of
holocrystalline texture and the apatite crystal tips slicked into the open space suggest crystallization of the apatite
from fluids, not from melt, and point to its possible hydrothermal origin.

Significant part of the emerged scoria cone was subject to erosion and re-deposition, evidenced by the S4 drill
core at 7.8-43.7 m depths. However, limited space of the maar lake, moreover within the maar-hosted pyroclas-
tic cone, did not allow many re-depositional processes. The massive matrix-supported beds can be attributed to
gravitational slumps of partly altered (argillized) pyroclastic deposits. The layered domains seem to result from
rain-wash of the loose pyroclastic material, which is supported by the origin of quartz-rich beds. The quartz-rich
beds might evoke a renewed explosive activity deeper in the diatreme with high amount of country rock granite;
however, such a type of eruption would blow up the existing pyroclastic cone and thus this scenario is rather
unlikely, as the pyroclastic cone is well preserved. On the other hand, a tephra-ring (not preserved at present)
formed during the maar eruption had to be dominated by country rock fragments (Lorenz & Kurszlaukis, 2007).
These granite-derived pyroclasts from the tephra-ring could be washed down to the maar crater and support the
quartz admixture in the layered domains much better.

To conclude, the combination of the drill-core and geophysical data enabled to construct the BaZina volcano model
and decipher the eruption history (Figure 10b). The funnel-shaped crater formed by the maar-diatreme eruption hosted
subsequent volcanic activity. This phase had Surtseyan style character (characterized by shallow-water interactions
between water and lava) due to hydrovolcanic eruptions within the lake occupying the maar crater. When the growing
edifice of the Surtseyan tuff cone breached the water level, the eruption style shifted to Strombolian (drier eruption),
forming a scoria cone capping the earlier tuff cone edifice. The process of the growing cone breaching the water
level might be facilitated by water loss due to its consumption in hydrovolcanism. Later, the lake could re-establish to
create an environment where re-mobilized pyroclastic deposits of the intra-maar volcano could sediment.

4.3. Age Determination

The BaZina maar-diatreme volcano belongs to the Cenozoic alkaline intraplate volcanism related to the opening
of the CDG (Ulrych et al., 2011) and it is one of the maars associated with the TF delimiting the CDG from the
west. Nowadays, it does not host any lake, probably because of the crater filled with sediments, possibly also
associated with draining of the crater through its breached edge in NW (where the maar opens to a small brook).
The same applies to its twin maar Ztraceny rybnik and the two other maars further to the south, the Mytina and
Neualbenreuth maars.

The age of the Mytina and Neualbenreuth maars are determined from Ar-Ar geochronology at 0.27-0.29 Ma,
dating them to the Mid Pleistocene (Mrlina et al., 2009; Rohrmiiller et al., 2018). Apart from the maars, the
area also hosts two Quaternary scoria cones, Komorni hirka (KH) and Zelezné hiirka (ZH), one of the youngest
Quaternary volcanoes on the territory of the Czech Republic (Figure 1). These volcanoes are of the Strombolian
type with olivine nephelinite lava flows and pyroclastic deposits and their estimated age is 0.15-0.40 Ma.

The age of the Bazina maar has not been dated yet, but even without geochronological data, the reverse polarity
of the magnetic anomaly identified from the magnetic investigation can provide some estimates on the age of
the eruption. The pronounced Bazina magnetic anomaly suggests the presence of a magnetic body with a strong
remanent magnetization. Moreover, its negative character evinces reversed polarity of the magnetization. As the
last geomagnetic reverse period (Brunhes-Matuyama) terminated 0.78 Ma ago, the eruption and crystallization
of the lava cannot be younger than this age. This agrees with the fact, that smaller but positive magnetic anomaly
detected in the Mytina maar (Mrlina et al., 2009) suggests the eruption of Mytina during the normal geomagnetic
field, that is, in the time span between 0 and 0.78 Ma. The Ar-Ar age determination (groundmass) of the Mytina
maar yields 0.29 Ma (Mrlina et al., 2007), which clearly fits these implications. Moreover, comparing the age
of all volcanoes along the TF, we can infer that the eruption of the BaZina maar documents the oldest (maybe
opening) phase of the Pleistocene volcanic activity in the area.

The Plio-Pleistocene volcanism of the Bohemian Massif represents the reactivation of NW-SE trending strike-
slip tectonics (Rajchl et al., 2009); however, the individual areas across the Bohemian Massif did not experi-
ence volcanic activity simultaneously. Thus, the BaZina maar age of more than 0.78 Ma extends the volcanic
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activity associated with the TF further to geological past and provides another evidence into the mosaic of the
post-Miocene evolution of central Europe.

4.4. Magmatism and Tectonic Context

The erupted rocks of the BazZina maar are compositionally similar to olivine nephelinite and olivine melilitite
lavas and juvenile bombs erupted from nearby KH and ZH scoria cones and other Pleistocene volcanic rocks
along the TF (Ulrych et al., 2013). Such ultrabasic magmas result from a very low-degree partial melting of the
asthenospheric mantle and suggest the ascent of small portions of magma directly to the surface without resting
in any magmatic reservoir. This is supported by the results of Plomerova et al. (2016), who discussed the source
of hot magma material in the lithospheric mantle at ~80-170 km depths and its ascent along boundaries of lith-
osphere mantle domains in the West Bohemian triple junction (Babuska et al., 2007). However, unlike the other
maars associated with the TF, the magma supply of the BaZina maar continued after the initial maar-forming
eruption and gave the rise to a set of pyroclastic cones inside the maar.

The continuation of a magma supply persisting after the maar eruption and leading to a formation of a scoria
cone is also observed in some other maars around the world. Amin and Valentine (2017) detected a scoria cone
at the maar edge; other scoriae within the crater were identified by Németh et al. (2008, 2012), Ross et al. (2011),
Swanson (1989), or Giilli and Kadioglu (2019). However, the pyroclastic deposits produced by the eruptions
after the BaZina maar-forming eruption are characterized by higher fragmentation degree, low vesiculation, and
pyroclasts with glassy (palagonite) groundmass suggesting hydrovolcanic eruptions in maar-hosted lake. The
upper layers differ in coarser grain-size (lower fragmentation degree) and higher vesiculation and imply that the
lake water had smaller influence on the growing pyroclastic cone.

From a general point of view, the Pleistocene volcanoes in West Bohemia are aligned along the TF, the
whole-crustal feature (Hrubcova et al., 2017) delimiting the Cheb Basin in the west. The age determination of the
individual volcanoes within this volcanic field points to the active volcanism in the time span of at least 0.5 Ma
with the activity probably initiating in the north and propagating to the south. While the size of this volcanic field
is small (~25 km) with only 6-7 constructs, the evolution time span is huge (>0.5 Ma) and points to the persis-
tent long-lasting activity; however, with extremely low magma productivity. Compared to numerous volcanoes in
other Cenozoic volcanic fields (e.g., Petronis et al., 2013; Sirocko et al., 2013), the number of volcanic edifices
in West Bohemia is small.

5. Conclusions

We inspected the maar-diatreme volcano with scoria pyroclastic cones inside. Such a volcanic structure was
revealed from multidisciplinary geophysical and drilling investigations carried out in the Pleistocene BaZina maar
in the western Eger Rift (Czech Republic) near Germany. The detection of the maar initiated with the evaluation
of the morphological (LiDAR-based DEM) data. The existence of the maar-diatreme structure was confirmed
by circular negative gravity anomaly, funnel-shape low-resistivity anomaly, and strong magnetic anomaly. The
gravity modeling estimated the dip of the maar-diatreme wall, magnetic anomaly suggested the presence of a
magnetic body with a strong remanent magnetization and reversed polarity, the ERT model specified the spatial
distribution of the maar fill, its depth, and estimated the inclination of the maar-diatreme wall. Knowledge of
the structure from multidisciplinary geophysical measurements enabled to locate optimally two boreholes (S4
and S4b) within the maar crater. Different geophysical models constrained by lithological profiles enabled more
profound geological interpretation and overcame some of the limitations of individual geophysical methods.

Two vertical boreholes (S4, 400 m and S4b, 150 m) were located on a small elevation within the maar crater. They
penetrated volcanic rocks and volcaniclastic deposits with the olivine nephelinite feeding conduit that represents
significant part of the drill cores. The elevation turned out to be the remnant of a pyroclastic cone inside the maar,
formed by several later eruptions. The contact of the maar with the granite country rocks was sharp, along a plane
dipping ~68° from the horizontal. It was in agreement with the results from the pre-drill geophysical investiga-
tions and with the inclination deduced from the spatial locations of two drilled granite (country rock) contacts
at depths. The granite, sampled by the drilling, showed numerous inclined fractures supporting the concept of
country-rock shattering as a result of an abrupt phreatomagmatic explosion. The geometry of the maar-diatreme
structure suggests the depth of the diatreme at ~600 m.
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The eruptive history of the BaZina maar revealed several stages of volcanisms with different eruption styles.
The activity initiated with phreatomagmatic maar explosion. It was followed by the Surtseyan style tuff cone
formation, which gradually grew until it breached the maar lake level. Consequently, the eruption shifted to the
Strombolian style, building a capping scoria cone. In the meantime, the maar lake diminished supplying the Surt-
seyan explosions. In the last stages, the altered and eroded pyroclastic deposits of gradually eroded intra-maar
volcano(s) were collected in the lake, which again established within the maar crater. Lately, the apatite rock
intruded along the contact between the upper volcaniclastic scoria deposits and the olivine nephelinite under-
neath. This apatite rock represents unusual rock-type with hydrothermal origin, and its further investigation will
help to understand the volcanic and fluid-flow regimes of West Bohemia.

The age of the BaZina maar eruption estimated from the reverse polarity of the detected magnetic anomaly
implies that the effusion and solidification of the lava during the eruption must be older than 0.78 Ma (Pleisto-
cene). Comparing the age of all volcanoes along the TF shows that the BaZina maar belongs to the oldest (maybe
opening) phase of the Pleistocene activity in this area. Results from the planned radiometric dating will reveal
more precise age determination as well as the time evolution of this two-stage volcanic episode. Nevertheless,
disregard the precise dating, the active volcanism in West Bohemia span at least 0.5 Ma and propagate along the
TF. This volcanic field is relatively small (~25 km) with only 67 volcanoes; however, the eruptive history spans
a long-term period (more than 0.5 Ma).

To conclude, our results show how the optimal combination of different geophysical methods led to a successful
location of the exploration boreholes and enabled to complement geophysical results with borehole lithologies
and well-logging interpretations. This revealed a unique structure of the maar volcano with several generations
of eruptions. Our approach clearly proved the benefit of a multidisciplinary methodology, where otherwise a sole
application of purely one approach (either geophysical or geological) would provide only partial and possibly
misleading results.

Details of the internal structure of the maar hosting a pyroclastic scoria cone improve our understanding of
volcanic processes and tectonic evolution at the western margin of the Eger Rift. To facilitate its understanding,
the simplified evolution of the BaZina maar volcano is visualized following the principles for 3D geological anima-
tions after Rapprich et al. (2017), and it is accessible at https://www.youtube.com/watch?v=VxhFrM6WRS&c.

Data Availability Statement

Data for the paper are freely available at Zenodo repository (Hrubcova et al., 2023, https://doi.org/10.5281/
zenodo.7889693); for data description see README.txt file in this repository. The repository contains all
geophysical data, that is, the ground resistivity, gravity and magnetic measurements, together with the lithol-
ogy and logging data. The LiDAR-based DEM (DMR 5G) data used for detection and visualization (Figures 1,
3, 4, and 10) in QGIS (Free and Open Source Geographic Information System) were provided from the State
Administration of Land Surveying and Cadastre of the Czech Republic (https://geoportal.cuzk.cz; last accessed
23/9/2022). The SRTM elevation data for gravity measurements and visualization (Figure 2) were provided from
the USGS (https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-elevation-shuttle-radar-topogra-
phy-mission-srtm-1; last accessed 09/2022) and plotted with the Golden Software Surfer program (https://www.
goldensoftware.com/products/surfer). The magnetic data (Figure 3) were processed and plotted as a contour
map using algorithms available from the Golden Software Surfer program (https://www.goldensoftware.com/
products/surfer). The 2D and 3D resistivity models (Figures 4, 5, and 9) were created with the open source BERT
(Boundless Electrical Resistivity Tomography) software (Gtinther et al., 2006). The evolution of the BaZina maar
volcano was visualized following the principles for 3D geological animations (Rapprich et al., 2017); the anima-
tion is accessible at https://www.youtube.com/watch?v=VxhFrM6WRS8c.
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