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Abstract. The new in situ geodynamic laboratory established in the framework of the ICDP Eger project aims
to develop the most modern, comprehensive, multiparameter laboratory at depth for studying earthquake swarms,
crustal fluid flow, mantle-derived CO2 and helium degassing, and processes of the deep biosphere. In order to
reach a new level of high-frequency, near-source and multiparameter observation of earthquake swarms and
related phenomena, such a laboratory comprises a set of shallow boreholes with high-frequency 3-D seismic
arrays as well as modern continuous real-time fluid monitoring at depth and the study of the deep biosphere.

This laboratory is located in the western part of the Eger Rift at the border of the Czech Republic and Germany
(in the West Bohemia–Vogtland geodynamic region) and comprises a set of five boreholes around the seismoac-
tive zone. To date, all monitoring boreholes have been drilled. This includes the seismic monitoring boreholes
S1, S2 and S3 in the crystalline units north and east of the major Nový Kostel seismogenic zone, borehole F3
in the Hartoušov mofette field and borehole S4 in the newly discovered Bažina maar near Libá. Supplementary
borehole P1 is being prepared in the Neualbenreuth maar for paleoclimate and biological research. At each of
these sites, a borehole broadband seismometer will be installed, and sites S1, S2 and S3 will also host a 3-D
seismic array composed of a vertical geophone chain and surface seismic array. Seismic instrumenting has been
completed in the S1 borehole and is in preparation in the remaining four monitoring boreholes. The continuous
fluid monitoring site of Hartoušov includes three boreholes, F1, F2 and F3, and a pilot monitoring phase is un-
derway. The laboratory also enables one to analyze microbial activity at CO2 mofettes and maar structures in the
context of changes in habitats. The drillings into the maar volcanoes contribute to a better understanding of the
Quaternary paleoclimate and volcanic activity.
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1 Main goals, overview processes and settings

What are the physical and chemical processes leading to
earthquake activity and fluid mobility? What are the path-
ways of fluids through the crust and how are they influenced
by tectonic stress variations? How can geological processes
influence the deep biosphere and the evolution of early life
at depth? These are the open questions tackled by the ICDP
project aimed at drilling in the Eger Rift region.

The western Eger Rift, cutting the Bohemian Massif in
the westernmost part of the Czech Republic and the adjacent
area in Germany, represents the West Bohemia–Vogtland re-
gion, which is one of the most unique European intraconti-
nental geodynamic areas (Fig. 1). The geodynamic activity
is represented by active magmatic underplating, mid-crustal
earthquake swarms and massive diffuse degassing of mantle-
derived CO2 (e.g., Bräuer et al., 2003; Horálek and Fischer,
2008). The region is also characterized by numerous mineral
springs, mofettes, Tertiary–Quaternary volcanism, and neo-
tectonic crustal movements located at the intersection of ma-
jor intraplate fault and tectonic zones around the Cheb Basin.
The close proximity and intensity of the different geody-
namic processes in an intracontinental massif far from plate
boundaries are outstanding, and it is likely that all of these
phenomena are related to a common driver in the lithospheric
upper mantle. Currently, it is well accepted that many earth-
quake swarms are driven by fluids in the crust. Nowadays,
fluid migration and its control by tectonics are recognized
in many regions worldwide under different tectonic and vol-
canic settings. The ICDP Eger Rift project provides extraor-
dinary observations that help to unravel the relations between
magmatic underplating, trans-crustal CO2 flux, earthquake
swarms and their relation to volcanism and microbiology.

The evolution of the Eger Rift, a 300 km long, 50 km
wide, ENE–WSW-trending zone and an active element of
the European Cenozoic Rift System (Prodehl et al., 1995),
is connected with the post-orogenic extension and the alka-
line magmatic activity during the Cenozoic. The Cheb Basin
developed at its southwestern end and dips to ∼ 300 m depth
towards the east, where it is delimited by the escarpment of
the Mariánské Lázně Fault. The basement of the Cheb Basin
and its surroundings include the crystalline schists of the
Saxothuringian unit and the granitoids of the Smrčiny Plu-
ton, whereas the sedimentary fill of the Cheb Basin consists
of Paleogene to Quaternary sediments (Kvaček and Teodor-
idis, 2007). Quaternary intraplate alkaline volcanism is doc-
umented at the western flank of the Cheb Basin in small vol-
canoes dated to 0.78–0.12 Ma (Mrlina et al., 2007; Wagner
et al., 2002), whereas the CO2-dominated hydrothermal ac-
tivity is dated to 0.23–0 Ma (Vylita et al., 2007). They com-
prise two Quaternary scoria cones (Železná hůrka/Eisenbühl
and Komorní hůrka/Kammerbühl) and two volcanic maars
(Mýtina and Neualbenreuth), where the eruptions are asso-
ciated with phreatomagmatic and phreato-Strombolian activ-
ity (Geissler et al., 2005; Mrlina et al., 2009; Flechsig et al.,

2015; Rohrmüller et al., 2017; Lied et al., 2020). The crustal
structure of the area is complex with a wide zone of increased
reflectivity at the crust–mantle transition (e.g., Tomek et al.,
1997; Hrubcová et al., 2005, 2013; Hrubcová and Geissler,
2009). These lower crustal features may be interpreted as
low-angle shear zones partly filled with fluids and/or small
magmatic intrusions or partial melting as confirmed by man-
tle xenoliths (Geissler et al., 2005). In the upper crust, very
distinct and highly reflective features (“bright spots”) were
identified (Klemt, 2013; Schimschal, 2013; Mullick et al.,
2015; Hrubcová et al., 2016), which can be related to the
spatial–temporal behavior of seismic swarm activity and its
fluid-driven origin.

The seismicity in the area is characterized by earthquake
swarms, intensive long-lasting and low-magnitude seismic-
ity, which contrasts with more typical mainshock–aftershock
sequences. Such seismicity can be felt by the population
and sometimes causes damage to buildings. It has been rec-
ognized in different areas worldwide, such as volcanic and
geothermal fields (e.g., Dahm and Brandsdottir, 1997; Wyss
et al., 1997; Lees, 1998; Dreger et al., 2000) and at the mar-
gins of tectonic plates (e.g., Einarsson, 1991), and can occur
as a precursor to larger earthquakes, such as during the recent
L’Aquila 2009 earthquake in Italy. However, the controlling
processes and possible consequences of this kind of seismic-
ity are still not fully disclosed.

In the western Eger Rift, the highest concentration of
earthquake activity and CO2 degassing occurs in the area of
the Cheb Basin, at the intersection of major tectonic lines
with four Quaternary volcanoes. The ENE–WSW-trending
Eger Graben and the N–S-trending earthquake zone between
Vogtland and Leipzig (Grünthal et al., 2019), the Cheb–
Domažlice Graben, and the morphologically expressed Mar-
iánské Lázně Fault intersect at one location close to the main
seismically active Nový Kostel (NK) zone (Fig. 1). It seems
that the earthquake activity is related to the reactivation of
a complex system of faults and tectonic zones, triggered by
the ascent of magmatic fluids caused by ongoing magmatic
process (Fischer et al., 2014; Bräuer et al., 2014) in which
fluid channels to depth (CO2 conduits) play an important role
(Kämpf et al., 2019). However, the understanding of mag-
matic activity, fluid ascent and earthquake-stimulating pro-
cesses as well as their interconnections are not clear.

Fluid degassing of CO2 in the Cheb Basin and surround-
ing areas is in the form of wet and dry mofettes and mineral
springs. High portions of mantle-derived helium and CO2
indicate a magmatic origin and fluid transport from the de-
pleted lithospheric mantle (Weinlich et al., 1999; Bräuer et
al., 2009), possibly related to active magmatic underplating
(Hrubcová et al., 2017). On their way to the surface, flu-
ids penetrate through faults, interact with the medium and
are related to earthquake activity (Kämpf et al., 2013, 2019;
Nickschick et al., 2015, 2019; Fischer et al., 2017; Liu et al.,
2020). Subsurface life, protected from the intense radiation in
the atmosphere, represents an ambience of the Earth’s early
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Figure 1. The West Bohemia–Vogtland geodynamic region in the westernmost part of the Eger Rift: the epicenters of earthquakes from 1991
to 2021 are marked by red circles; cyan circles represent CO2 degassing; blue squares represent mofettes; the white triangle marks the Nový
Kostel (NK) focal zone; the positions of five Quaternary volcanoes are indicated.

biotopes; on the other hand, the microbial ecosystems abun-
dant in the subsurface react to changes in the composition of
fluids or to their long-term exposure.

Because of these phenomena (and their concentration in a
rather small region), the West Bohemia–Vogtland (the west-
ern Eger Rift) area is a unique site worldwide and offers an
ideal possibility for interdisciplinary study. The earthquake
swarms and long-term degassing of mineral-rich waters and
gases in granitic and sedimentary layers makes this area per-
fectly suited to study the fluid composition and fluid-induced
source processes along with the effect of CO2 on the deep
biosphere and the development of early life at depth. Long-
term monitoring of the smallest signals and trend changes
is essential to understand these phenomena and their inter-
actions. This points to establishing a new level of multi-
disciplinary investigation. A modern, comprehensive, high-
resolution observatory at depth with unique multiparameter
observation can interconnect fields of primary research; ad-
vance the interactions among earthquakes, fluids, rocks and
the biosphere; and contribute to answering related questions.

2 Current state, scientific aims and experimental
approach

The seismicity in West Bohemia–Vogtland, also documented
in macroseismic observations, occurs in the form of earth-
quake swarms, with the largest local magnitudes not exceed-

ing ML 5 (e.g., 1875 or 1908). The largest instrumentally
recorded earthquake occurred in the 1985–1986 swarm and
reached a magnitude of ML 4.6 (Vavryčuk, 1993). Since
1985, seismicity has been concentrated in the Nový Kos-
tel (NK) focal zone, where more than 80 % of seismic en-
ergy has been released within the last 30 years (Fischer and
Michálek, 2008). The seismicity is generally shallow, with
the event hypocenters occurring in the upper and middle
crust, mainly between 5 and 15 km (Horálek and Fischer,
2008). Since 1997, the seismicity cluster beneath NK has
been slowly but steadily growing, laterally more to the north
and upwards, along a nearly planar structure (see Fig. 2).

The surface earthquake recordings are of excellent quality
(e.g., Fischer et al., 2014); however, they suffer from high-
frequency wave damping by the near-surface weathered lay-
ers and site scattering, resulting in a smoothing of the wave
signal details. A monitoring depth of a few hundred meters
will avoid high-frequency attenuation and significantly im-
prove the possibility of studying low-magnitude earthquakes
in the crust and of resolving small-scale heterogeneities. This
offers the possibility of analyzing the fluid-induced source
processes and the anatomy of earthquake swarms and their
migration in unprecedented detail. The fact that earthquake
swarms in the Eger Rift region occur regularly and persis-
tently in known spots of activity with known radiation pat-
terns offers the opportunity to design and tune a borehole-
based monitoring network for optimized analysis.
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Figure 2. The drilling sites and their prime scientific targets: S1 – Landwüst, S2 – Tisová, S3 – Studenec (seismological monitoring), S4
– Libá (seismological monitoring, volcanology and the deep biosphere in volcanic maar crater), F1–3 – Hartoušov (fluid, earthquake and
deep-biosphere monitoring) and P1 (a planned borehole for paleoclimate and biosphere investigation). The time of realization is indicated
in parentheses. Red circles represent the seismicity of the main Nový Kostel (NK) focal zone; blue circles represent mofettes and mineral
springs with a gas discharge of more than 1 L min−1; Quaternary volcanoes are indicated by black triangles.

Systematic fluid probing and analyses at springs and
mofettes in the western Eger Rift region have been performed
for decades (Weise et al., 2001; Bräuer et al., 2003, 2005a, b,
2008, 2014; Schuessler et al., 2016). The results of the fluid
isotope systematic monitoring have been capable of detecting
trend changes in 3He / 4He, which may indicate silent mag-
matic intrusions in the lower crust and upper mantle (e.g.,
Bräuer et al., 2009; Kämpf et al., 2013). However, the data
obtained have not been sufficient to reach the objectives. The
well-studied sites of massive CO2 degassing in mofettes of-
fer the possibility of building a new generation of continuous
real-time fluid monitoring systems at different depth levels.
Such monitoring can separate the effects of surface and deep
processes related to the composition and rate of fluids. It can
also demonstrate the correlations between isotope compo-
sition and seismic activity (e.g., Bräuer et al., 2003, 2008,
2014) or reveal the link between an earthquake swarm and
microbial activities (e.g., Bräuer et al., 2008).

Microbiological studies show the existence of diverse and
active microbial ecosystems in the deep subsurface (e.g.,
Parkes et al., 1994, 2000; Lehman, 2007). This is a vast am-
bience, as between 75 % and 94 % of all microbes on the
Earth occur in deeply buried marine and terrestrial sediments
(Kallmeyer et al., 2012). Moreover, the deep subsurface har-
bors a huge carbon reservoir, equivalent to that of all plants
on the Earth; thus, deeply buried microbial communities are
very important for driving carbon and nutrient cycling as
well as catalyzing a multitude of reactions among sediments,
rocks and fluids. The Eger Rift area hosts a diverse lithology

of surficial sediments overlying crystalline rocks as well as
active CO2 degassing and high flow rates of mineral-rich flu-
ids and gases (e.g., methane). The first studies of its mineral
water and fluids (Alawi et al., 2015; Schuessler et al., 2016;
Krauze et al., 2017; Liu et al., 2018, 2020) have indicated
that the active fault systems of the Eger Rift area can be clas-
sified as a “hot spot” for microbial subsurface life. Microbial
ecosystems abundant in the subsurface may react to changes
in the composition of fluids. Thus, the long-term degassing
of mineral-rich waters and gases in granitic and sedimentary
layers makes this area ideally suited to study the effect of
CO2 on the deep biosphere and the development of life at
depth (Bussert et al., 2017). The maar-diatreme volcanos, as
paleoconduit structures, are considered to be important path-
ways of magmatic fluids to study past activities under condi-
tions in which the first biological molecules and later the first
life forms originated (Schreiber et al., 2012). Thus, the Eger
Rift area provides an environment for geo-microbiological
studies and studies on the origin of deep life.

Such goals can be fulfilled by the development of a mod-
ern, comprehensive laboratory at depth to study the intercon-
nected areas of primary research. Specifically, such a lab-
oratory comprises the novel concept of 3-D seismic arrays
with a set of shallow boreholes in order to reach a new
level of high-frequency, near-source and multiparameter ob-
servation of earthquake swarms, real-time fluid monitoring
at different depths and related phenomena. Such a network
brings a new high detection capability, which improves the
earthquake and fluid recordings. This offers the possibility
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to study extremely low-magnitude earthquakes and analyze
the fluid-induced source processes. Repeated fluid probing
at the surface can be complemented by a new generation of
continuous real-time fluid monitoring in a safe and logisti-
cally accessible area. The variability in the local geological
site conditions can meet the interdisciplinary targets for vol-
canologic, microbiological and paleoclimate research.

This initiative was introduced and discussed by Dahm et
al. (2013) during the second ICDP Eger Rift workshop, re-
sulting in a conceptual drilling approach to address the key
scientific questions related to these processes. It was dis-
cussed among approximately 50 scientists from Germany,
the Czech Republic, the USA, the UK and Poland; from these
scientists, three scientific groups were identified based on
their interests: (i) a seismological group, (ii) a fluid group,
and (iii) a group interested in volcanology/petrology, paleo-
climate and microbiology. Although each group is responsi-
ble for its field, together they comprise the unique interdis-
ciplinary laboratory with a potential to better understand the
following:

– fluid–rock interactions and the mechanism of fluid-
induced earthquake swarms,

– the structure of fluid pathways from the upper mantle to
the surface,

– physical, chemical, and biological interrelations be-
tween geological processes, mantle-derived fluids and
the biosphere down to 400 m depth,

– the “fault-valve” mechanism and its relevance for earth-
quake triggering, seismic hazard, degassing and the ac-
tivity of the deep biosphere,

– the impact of CO2-rich mantle-derived fluids on the
geo–bio interaction in the western Eger Rift,

– the Quaternary paleoclimate and volcanic activity in the
western Eger Rift region.

3 Description of drillings, monitoring and scientific
concepts

The in situ Eger comprehensive laboratory is currently be-
ing established by the International Continental Scientific
Drilling Program (ICDP) in the framework of the interdis-
ciplinary project “Drilling the Eger Rift: Magmatic Fluids
Driving the Earthquake Swarms and the Deep Biosphere
(EGER)”. Specifically, this laboratory at depth comprises a
set of five new, distributed, shallow (less than 500 m deep)
boreholes (Fig. 2). The drilling sites were selected to be dis-
tributed around the Nový Kostel (NK) focal zone; geophysi-
cal and geological surveys contributed to the selection of the
exact locations. The drill holes are denoted S1–S4 (seismo-
logical monitoring) and F1–F3 (fluid monitoring), indicating

the primary field of interest of each well (Fig. 2). The planned
drill hole P1 will be the main record for paleoclimate studies.

The drillings S1–S4 are designed for seismological moni-
toring in order to reach a new level of high-frequency, near-
source observations of earthquake swarms and related phe-
nomena, like seismic noise and tremors generated by fluid
movements. The drilling of S1 (Landwüst, depth 402 m),
which is the only drill hole located in German territory,
was completed in August 2019 and is supplemented by a 3-
D high-frequency seismic array. The S2 site (Tisová, depth
460 m) was finished in November 2017, and the S3 site (Stu-
denec, depth 408 m) was completed in December 2018; both
S2 and S3 are planned with borehole seismic arrays. The
drilling of S4 (Libá, depth 400 m) was accomplished in De-
cember 2021 in the recently discovered maar crater near the
Czech–German border and will be equipped with a borehole
seismometer.

The drill holes F1–F3 are primary designed for fluid mon-
itoring in the framework of a multilevel gas monitoring sys-
tem built in the Hartoušov mofette field. This mofette repre-
sents a gas emission site where CO2 ascends through crustal-
scale conduits from as deep as the upper mantle; thus, the
site can provide a natural window into ongoing magmatic
processes at the mantle depth level. It is located at the cross-
ing of the Eger Rift with the Počátky–Plesná zone (PPZ)
tectonic lineament, which is the fault possibly related to the
main Nový Kostel focal zone (Fig. 1). In particular, two ex-
isting monitoring wells, F1 and F2 (Bussert et al., 2017; Fis-
cher et al., 2020), were complemented by the F3 drill hole;
these three adjacent boreholes, F1 (30 m), F2 (70 m) and
F3 (230 m), provide continuous monitoring of fluids at high
sampling rates to acquire fluid parameters (gas flow, water
temperature and water level/pressure) as well as chemical
(CO2, Ar, N2, O2, He, H2 and CH4) and isotopic (δ13CCO2 ,
δ18OCO2 and 222Rn) gas content (Woith et al., 2020). Addi-
tionally, samples for laboratory analysis of He, Ne and Ar
isotopes are taken repeatedly (roughly every 2 months), as
theses isotopes are useful tracers for constraining the fluid
origins and mixing ratios of mantle components. Moreover,
the fluid monitoring at different depths separates the effects
of surface and deep processes related to the composition and
ascent rate of fluids. The drill site is also prepared for seismo-
logical monitoring to complement the monitoring network.

All boreholes were cored; the coring in Tertiary–
Quaternary sedimentary sequences (S4, F2 and F3) is utilized
for paleoclimate research and microbiological investigation
(Bussert et al., 2017). The coring of solid rocks outcropping
at the surface (S1 and S3, phyllites) is utilized for struc-
tural and tectonic investigation. Moreover, the core of drill
hole S4, located in the maar crater, also targets volcanology
and the evaluation of the neotectonic evolution of the maar.
The final supplementary borehole, P1 (∼ 150 m), in another
maar volcano near Neualbenreuth, Germany, at the Czech–
German border is planned to support paleoclimate research
and is scheduled for early 2023.
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4 Drilling and specific characteristics of individual
drill holes

4.1 Pre-drilling site surveys

Several geophysical experiments were conducted to map
deeper and shallow crustal structure. From reflection and
seismic source data, distinct and highly reflective features
(bright spots) were found in the upper crust close to the main
NK focal zone (Mullick et al., 2015; Hrubcová et al., 2016).
Local earthquake tomography showed clear indications of a
mid-crustal intrusive body beneath the NK focal zone from
increased P-wave /S-wave (Vp / Vs) ratios (Alexandrakis et
al., 2014; Mousavi et al., 2015). Magnetotelluric investiga-
tions found highly conductive channel-like structures above
the focal zone (Muñoz et al., 2018) that were complemented
by highly attenuating bodies beneath and north of NK to
11 km depth (Mousavi et al., 2017). All of these features
point to fluid pathways and interconnections between seis-
micity and fluid degassing.

The exact positions of the drill holes were investigated by
local geophysical surveying to control the quality of wave-
forms, the signal-to-noise ratio (SNR), and to provide struc-
tural and geological constraints for fluid pathways and their
movements. This comprised electric resistivity tomography
and high-resolution reflection and refraction seismic survey-
ing along the resistivity profile, as well as seismic noise mea-
surements (Umlauft and Korn, 2019) at the Hartoušov site,
both completed in late 2017 (Nickschick et al., 2019).

4.2 Drilling and coring

The drill sites are located in a natural mineral spring and spa
resource protection zone and required specific permissions to
meet the strict governmental requirements prior to the com-
mencement of work. Drilling works were performed by the
German drilling company Pruy KG with the HD110 drilling
rig (the S1 site and the pre-drill of F3) and the Czech drilling
company Geoněmec – vrty, s.r.o. with the Christensen 140C
drilling rig (sites S2–S4). The drilling of F3 was conducted
within the Swedish national research infrastructure for sci-
entific drilling (Riksriggen) at Lund University, Sweden,
with the Atlas Copco CT20C drilling rig (crawler mounted).
Due to potential CO2 blowouts in the region, the drillings
were performed through a blowout preventer to overcome
the problem of pressurized CO2 in the drilling shaft; how-
ever, none of the sites faced such issues during drilling. The
drillings were conducted under strict site contamination con-
trol conditions; after the termination of works, all sites and
access roads were restored (Fig. 3). Furthermore, the well-
heads were secured by a concrete head casing, and the cased
peduncle was secured by a lock (Fig. 4).

The parameters of the drilling sites are summarized in
Table 1. Some innovative approaches were applied during
drilling and subsequent logging to meet the specific re-
quirements of multidisciplinary research. All boreholes are
nearly vertical, reaching depths < 460 m, and they were all
steel cased. After casing, the drillings were cleared (redrilled
within the casing) to ensure clear passage from the head to
the bottom, which is necessary for subsequent successful in-
stallation of fluid and seismic monitoring instrumentation.
Seismological drill holes S1, S3 and S4 were cemented to
ensure seismic coupling. The quality of the cementing was
controlled by well logging, and an innovative approach using
a fiber-optic cable was additionally applied to monitor the ce-
menting at S1. Wireline coring was applied to all boreholes,
and the cores were retrieved and organized in wooden boxes
(Fig. 5) before being stored (except for S2) at the Research
INfrastructure for Geothermal ENergy (RINGEN) center in
Litoměřice and the Federal Institute for Geosciences and
Natural Resources (BGR) core repository in Spandau, Berlin
(S1). The core of drill hole S2 is not available to the scien-
tific community, as the drill hole was an in-kind contribution
from the Golden Pet s.r.o. exploration company to the ICDP
Eger project.

Well logging was provided for all drilling sites except for
S2 (the in-kind contribution from the Golden Pet s.r.o. ex-
ploration company). It comprised a complex of methods, in-
cluding borehole geometry, caliper, sonic logging with full
waveforms, and acoustic images to localize cracks, fractures,
and/or tectonic and geological features. Gamma–gamma log-
ging was applied to sample rock densities, neutron–neutron
logging was applied for porosity and water content, natural
gamma logging was used for the detection of unstable iso-
topes, and resistivity logging was used for the degree of rock
deformation. For the records of well logging in individual
boreholes, see Sect. 5.

Due to the specific requirements of microbiological re-
search, drillings F3 and S4 were conducted under strict con-
tamination control conditions, following the approach of
Bussert et al. (2017). In the case of F3, the cores were re-
trieved in 3 m long polyvinyl chloride (PVC) liners to pro-
tect them from biological contamination; in the case of S4,
the cores were encapsulated in aluminum. In both cases, the
microbiological samples were frozen at −80 ◦C and sent for
further analyses.

4.3 Seismological drillings – high-frequency 3-D arrays

Seismological monitoring requires the drillings to be dis-
tributed and optimized for detection, location, source mech-
anism and seismic wave scattering studies. The technical ob-
jectives of being able to analyze ML >−1 earthquakes (and
nonvolcanic tremors) need to be addressed by taking a step
up from the current short-period seismic monitoring network
to a high-frequency 3-D seismic array. Boreholes S1–S3 in-
volve deploying vertical seismic arrays combined with a sur-
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Figure 3. The Eger Rift drilling setup, showing (a) the drilling rig with drilling rods at the S3 site, (b) the wellhead after the termination of
work at the S3 site and (c) an example of a diamond drill head designed for drilling in hard rocks.

Figure 4. Panel (a) shows the Hartoušov mofette field, and panel (b) presents the F3 borehole in Hartoušov after the completion of drilling
works, with the concrete head casing secured by a lock.

face small-aperture high-frequency array; a pilot observatory
has already been deployed at S1. Such a configuration al-
lows for detailed high-resolution study (at a 1 kHz sampling
rate) of earthquake migration, short-term anomalies in the
beginning phase of swarms, mixed-mode rupture processes,
near-source scatterers, the depth distribution of events and
the detection of microearthquakes along fluid channels. The
location in unaltered rocks not affected by fluid ascent as-
sures the recording of high-frequency signals of the smallest
earthquakes (ML ≥−1) and is supported by the pioneering
tests of Hiemer et al. (2012) from a small-aperture array of
short-period stations at the surface (the 6-month eight-sensor
test-array deployment near S1 at Rohrbach borehole V01–

V08 detecting microearthquakes from ML >−1.2 from the
NK focal zone).

Borehole S1 (depth 402 m, inner diameter (i.d.) 92 mm)
is located in Landwüst (Germany) about 10 km northwest of
the Nový Kostel (NK) focal zone in a forest area with base-
ment rocks outcropping at the surface (metamorphosed Cam-
brian sediments – phyllites with quartzite layers). The test
array installations and test measurements in the nearby Bad
Brambach 80 m hole indicated the appropriate site conditions
and excellent signal-to-noise ratios (SNRs) for weak mi-
croearthquakes with a significantly reduced S-wave damping
effect. The S1 instrumentation comprises the ASIR bottom-
hole broadband seismometer and a vertical array of 3C bore-
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Table 1. Parameters of the drill holes.

Figure 5. Panel (a) presents an example of drill cores stored in wooden boxes that have been marked and labeled, showing phyllitic core
from S1. Panel (b) presents an example of different lithologies in hard rocks, showing (from top to bottom) granite from S4, granite from S4,
basalt from S4 and phyllite from S3.

hole sensors between 180 and 400 m; additionally, a surface
array of 3C seismic sensors is installed around the borehole
(Fig. 6). The fiber-optic cable was cemented behind the bore-
hole casing to monitor the microearthquakes as well as the
quality of cementing.

Borehole S2 (depth 464 m, i.d. 76 mm) is located near Ti-
sová (Czech Republic) about 15 km north of the Nový Kostel
(NK) focal zone in weakly metamorphosed Ordovician sedi-
ments (phyllites). The thickness of the overlying weathering
products (debris with rock fragments) did not exceed several
meters. The noise characterization from a test array deployed
indicates good SNR conditions. The instrumentation, array
design and configuration are planned to be the same as for
borehole S1, except for the fiber-optic cable.

Borehole S3 (depth 400 m, i.d. 76 mm) is located in Stu-
denec (Czech Republic) about 7 km northeast of the Nový

Kostel (NK) focal zone in a dynamic landscape with a min-
imally weathered uppermost crust on metamorphosed Cam-
brian sediments (phyllites). The site is in a remote area with
a good SNR; this is confirmed by long-term monitoring, as
the site also coincides with one seismic station (STC) of the
WEBNET surface monitoring network (Horálek et al., 2000).
Moreover, this coincidence provides the opportunity to com-
pare results from both networks and use the existing opera-
tion hut. A Güralp Radian bottom-hole seismometer (Güralp
Co.) is currently installed and tested at the hole bottom.

4.4 Maar drilling – seismic monitoring, paleovolcanic
and microbiological research

Borehole S4 (depth 406 m, i.d. 77 mm) is located in Bažina
near Libá (Czech Republic), about 17.5 km southwest of the
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Figure 6. Surface and borehole 3-D high-frequency seismological arrays and the types of sensors realized at the S1 site. Red color denotes
the S1 borehole with a surface sensor.

Nový Kostel (NK) focal zone, in a newly discovered volcanic
maar structure penetrating the surrounding granitic rocks.
The borehole sits in a conic maar crater and penetrates the
alternating Quaternary siliciclastic and highly organic sedi-
ments of the crater. At 60 m depth, it reaches the basaltoids
inside the crater; at a depth of 170 m, it reaches the contact
of the crater with the surrounding granitoids (the host rocks),
which continue until the bottom at 400 m depth. Because
of its uppermost volcanic character, borehole S4 provides
the record for combined paleovolcanic, magmatic, paleocli-
mate and deep-biosphere studies. As a detailed geophysical
pre-site survey indicated good SNR conditions in granites,
a bottom-hole seismometer is planned to be deployed in the
solid granitic rocks at the bottom of the hole, along with a
surface reference station.

4.5 Fluid and seismic monitoring and microbiological
research – continuous sampling at different depths

Boreholes F1–F3 are located in the Hartoušov mofette field
(Figs. 4, 7) in the Tertiary–Quaternary sedimentary succes-
sions of the Cheb Basin. The site appears well suited to ex-
ploring the relation between the swarm seismicity and CO2
degassing, as a massive coseismic increase in CO2 release
has been observed here twice – in the case of the 2008 and
2014 earthquake swarms (Fischer et al., 2017). Three ad-
jacent boreholes, F1 (depth 28 m, i.d. 115 mm), F2 (depth

108 m, i.d. 100 mm) and F3 (depth 239 m, i.d. 78 mm), sup-
plemented by measurements in the nearby mofette (Fig. 7)
allow continuous fluid monitoring at different depth levels
within the basin sediments or in the CO2-permeated weath-
ered crystalline basement (F3). The site survey comprised
seismometers and a weather station installed on-site in order
to quantify the impact of earthquakes as well as the environ-
mental effects on the fluid regime. The multilevel gas mon-
itoring system is being installed at three wells tapping the
CO2 horizons at 20, 65 and 229 m. Continuous radon mea-
surements while drilling revealed a promising CO2 horizon,
which was later chosen for perforations of the steel casing.
Further hydraulic tests at F3 are needed to confirm whether
the perforation was successful.

The F2 borehole already hosts the ASIR broadband SiA
seismometer at 70 m depth. Ultimately, a borehole seis-
mometer will be installed at the bottom of F3 and will be
complemented by a capillary tube to collect “fresh” gases
from the CO2 horizon at depth, directly at the point where
the fluids enter the borehole to avoid possible contamina-
tion or impact from external processes. Further details on the
instrumentation of this mofette field with massive CO2 de-
gassing (up to 97 t d−1) as well as the first monitoring results
are summarized in Fischer et al. (2020), Woith et al. (2020)
and Daskalopoulou et al. (2021). Once the novel monitor-
ing system is fully operational, fluid transients will be able
to be observed in great detail. We expect new insights into
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Figure 7. Fluid and seismic monitoring in the Hartoušov mofette
field (after Woith et al., 2020), showing boreholes F1–F3 and a
mofette site with the sensors and types of monitoring. BB denotes
a broadband seismometer (borehole and/or surface), and SP repre-
sents a short-period 4.5 Hz 3C borehole sensor.

the physical processes that control the complex interplay be-
tween earthquakes, deep degassing and permeability varia-
tions along the path to the surface.

Seismic monitoring in F1–F3, located about 9 km south of
the Nový Kostel (NK) focal zone (Fig. 2), complements the
network of shallow boreholes. Borehole F2 (108.5 m depth)
is equipped with a broadband borehole seismometer at 70 m
depth; a similar sensor will be installed at the bottom of F3
(239 m depth). Moreover, a broadband surface seismic sta-
tion is installed at F1 (Fig. 7).

The microbiological investigation at the Hartoušov
mofette field was accomplished at the F2 and F3 drill holes.
The pilot hole, F2 (HJB-1), was drilled in spring 2016, af-
ter extensive pre-drill surveys to optimize the well location
(Bussert et al., 2017). The drilling through a thin caprock-
like structure triggered a CO2 blowout, indicating a CO2
pathway. Pumping tests revealed a Na–Ca–HCO3–SO4-type
groundwater with a total mineralization of 5870 mg L−1,
which is typical for the mineral waters of Františkovy Lázně
Spa that is located about 8 km to the west of the drill site
(Bussert et al., 2017). The first microbiological investiga-
tions included activity tests for microbial methane produc-
tion, DNA extractions and cultivation experiments as well
as testing of the microbial DNA extracted from samples
(Bussert et al., 2017). These steps were supplemented by the

investigation of the F3 borehole which involved testing for
microbiological life on samples from different depths. Fur-
ther analyses of F3 microbial samples are ongoing.

4.6 Drilling for paleoclimate and microbiological
research

Borehole P1 is planned in the Neualbenreuth Quaternary
maar structure (in Germany, at a site located about 3 km
southeast of the Mýtina maar) down to ∼ 150 m depth. It
will penetrate a succession of lake sediments of at least
100 m depth with varying lithologies, surrounded by Paleo-
zoic metamorphic rocks and underlain by the diatreme. Bore-
hole P1 will be the main record for paleoclimate studies,
as it will overlap an existing 100 m drill core obtained in
2015 (Rohrmüller et al., 2017), thereby enabling the develop-
ment of continuous time series. Apart from paleoclimate, the
site will be exploited for microbiological and deep-biosphere
studies. Due to groundwater protection issues, the well has
to be closed after drilling. The geophysical pre-site survey
of maar structures indicates that shallow sedimentary suc-
cessions of maar craters are not suitable for high-frequency
seismic monitoring; thus, the deployment of a seismic sensor
in this borehole is questionable.

5 Lithologies and well logging of boreholes

The downhole logging measurements for the Eger Rift
project have been performed in four of five boreholes (S1
Landwüst, S3 Studenec, S4 Libá and F3 Hartoušov). In
this paper, we present the results of three seismological
boreholes: S1 Landwüst, well logged by BLM Company
in 2019 (Fig. 8); S3 Studenec, well logged by Aquatest
in 2018 (Fig. 9); and S2 Tisová, which has not been well
logged and only a stratigraphy profile is provided (Fig. 10).
The following downhole logging measurements have been
acquired: gamma ray, neutron–neutron, density, resistivity,
temperature, P- and S-wave velocity, focus electrical resistiv-
ity (FEL), electrical conductivity, caliper, borehole deviation,
and borehole azimuth direction. All logging measurements
have been depth matched using the gamma ray as the refer-
ence logging present in all sondes. As the other two bore-
holes, S4 and F3, are the subject of further focused research,
their profiles are presented in individual studies. Moreover,
all records of stratigraphy and well logging in boreholes S1–
S4 and F3 are depicted in Fischer et al. (2022) and in the
upcoming Operational Report.

The S1 Landwüst borehole (Fig. 8) was drilled to 402 m
depth and shows a southward deflection with a small devia-
tion up to 5 ◦ at the bottom. The borehole encounters mono-
tone silt–phyllite rocks with different stages of fracturing.
All logs show a constant trend except at two main frac-
tured intervals: one zone was identified from around 12.0
to 57.8 m, and the second zone was identified between 134
and 165 m. In these fractured zones, gamma ray, FEL, den-
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Figure 8. Logging data of the S1 Landwüst borehole and a stratigraphy profile based on the initial core description. The abbreviations used
in the figure are as follows: Neutron neutr. – neutron–neutron; WU – water unit; Electr. cond. – electrical conductivity; FEL – focus electrical
resistivity; Vp and Vs – P- and S-wave velocity, respectively.
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Figure 9. Logging data of the S3 Studenec borehole and a stratigraphy profile based on the initial core description. The abbreviations used
in the figure are as follows: TVD – total vertical depth; Resist. – resistivity; Vp and Vs – P- and S-wave velocity, respectively.
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Figure 10. Stratigraphy profile based on the initial core description
of borehole S2 near Tisová in weakly metamorphosed Ordovician
sediments (phyllites).

sity, neutron–neutron, P- and S-wave velocity, and caliper
logs show abrupt changes. In particular, in the second frac-
ture interval, the electrical conductivity shows constant val-
ues of around 0.2 µS cm−1 up to 115 m that slightly increase
from 0.2 to 1.8 µS cm−1 between 115 and 140 m. The frac-
turing becomes more intense between 140 and 155 m, where
the electrical conductivity reaches the maximum values of
around 1.8 µS cm−1; the values then gradually decrease to
0.7 µS cm−1 at 165 m before reaching a constant value of
0.2 µS cm−1 at the bottom. These two main fracture zones
were also detected by the caliper, which indicates an open-
ing from 155 to 200 mm. The temperature in the borehole
increases continuously from 7 ◦C at 25 m to 13.5 ◦C at 400 m
depth.

The S3 Studenec borehole (Fig. 9) reached a total depth
of 402.5 m, with the deviation increasing smoothly up to 9 ◦

at the bottom and with deflection to the southeast. The bore-
hole encounters a sequence of phyllite rocks up to 221 m,
and a quartzitic phyllite formation is then predominant in
the bottom part. The variation in lithology along the bore-
hole is well recorded by the gamma ray log. The gamma
ray shows average values of 50 µR h−1 for the phyllite rock
formation, mainly related to the higher content of clay min-
erals compared with the quartzitic phyllite formation which
shows average values around 39 µR h−1. A slight enrichment
of the clay component is observed between 330 and 402.5 m.
Around 139–141 m, the borehole encountered a tectonic fault
that fragmented the rock of the borehole wall and caused the
collapse of the section between 140 and 142.5 m. Only down-
hole logging measurements with nuclear sources (such as
neutron–neutron and density measurements) have been run
inside the pipe from 0 m to the bottom of the hole, whereas
P- and S-wave velocity, caliper and resistivity logs were pro-
vided only in shallow part between 30 and 140 m. Several
fracture intervals have been identified around 59, 71.0, 100,
111 and 135 m. They are detected by resistivity, P-wave ve-
locity and gamma ray logs, showing a decrease in values
compared with the general trend, whereas the caliper records
show an increase in the hole size (spikes).

6 Temperature measurements and the heat flow

Due to the persistent tectonic activity and the existence of
thermal springs, places with increased heat flux (Čermák,
1994) can be expected in the area. However, due to the ab-
sence of deeper boreholes penetrating sedimentary succes-
sions of the Cheb Basin to the basement crystalline rocks, de-
tailed information is missing. For this reason, precise temper-
ature well logging was performed in all boreholes (Fig. 11).
The temperature recordings allowed for the determination
of the temperature gradients, and topographic corrections
were subsequently calculated for each well using 3-D nu-
merical models. To determine the heat flow density, knowl-
edge of the thermal conductivity of the rocks intersected by
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Figure 11. Temperature logs of the individual boreholes.

the boreholes was necessary. The thermal properties (ther-
mal conductivity, thermal diffusivity and volumetric heat ca-
pacity) were measured using a high-resolution optical scan-
ning method on several samples from each borehole. The
anisotropy of the thermal properties was also assessed, which
turned out to be very significant especially in the case of
boreholes (S1, S2 and S3) intersecting the metamorphic
rocks. Based on the above, we calculated the heat flow, which
ranged from 75 mW m−2 for borehole S2 near Tisová to more
than 100 mW m−2 for S1 in Landwüst.

7 Seismic monitoring concept – the 3-D
high-frequency seismic array at the S1 site

The 3-D high-frequency seismic array at the S1 site has been
accomplished as a pilot array for the seismic part of the
ICDP Eger Rift project. The S1 instrumentation comprises
the ASIR bottom-hole broadband seismometer and a vertical
array of 3C borehole sensors between 180 and 400 m; addi-
tionally, a surface array of 3C seismic sensors is installed
(Fig. 6). A fiber-optic cable was cemented outside of the
borehole casing to monitor the microearthquakes and will
provide comparison with the borehole chain. Moreover, it
was also used to check the quality of the casing cementation.

7.1 Borehole array

The downhole array consists of two major parts: a 10-level
high-frequency borehole chain and one additional bottom-
hole seismometer. The borehole chain is assembled with
high-frequency geophones for one vertical and two horizon-
tal directions at 10 depth levels. We identified 10 Hz HG-7
geophones as the optimum sensors (little or no tilt sensitivity,

high spurious and low corner frequencies and, thus, a large
usable bandwidth). In order to increase the output voltage,
the geophones are in sets of two sensors connected in series
for each direction and depth level, which results in a total of
30 analogue channels to be handled. The analogue signals
are converted by five six-channel Earth Data EDR-209 digi-
tizers at a rate of (up to) 1 kHz. The bottom-hole equipment
consists of a newly developed ASIR SiA broadband seis-
mometer with a passband of 200 s to 1.5 kHz bundled with
a 3C 4.5 Hz geophone. The analogue signals are converted
by one six-channel Earth Data EDR-209 digitizer at a rate
of (up to) 1 kHz. The example of waveforms of an ML 0.1
microearthquake recorded with a borehole chain at S1 Land-
wüst is presented in Fig. 12.

7.2 Surface array

A small-aperture array of short-period stations at the surface
consists of three rings around a central borehole station. The
aperture of the first ring is 10 m, and it comprises three 3 m
deep postholes that are not yet fully equipped. The second
ring has an aperture of 100 m and comprises five sensors.
Ring 3 is equipped with seven sensors with an aperture of
400 m. The surface sensors are positioned in shallow (50 cm
deep) holes and powered by solar panels. The sensors of
rings 2 and 3 are of the same type (4.5 Hz HG-6 geophones
with a gain of 27.7 Vs m−1). The sampling rate of 1 kHz is
used with seismological data loggers (EDR-209) and near-
real-time transmission of the data. The data are transmitted
via mobile connection.

7.3 Fiber-optic cable – the quality of cementing

After drilling S1, a fiber-optic cable was installed behind
the casing down to a depth of 397.5 m on the western
side of the well. The fiber-optic cable had a tight buffer
design. It contained one single-mode optical fiber (ITU-T
G.652.D/657.A1) preserved in a stainless-steel metal tube
and embedded in a polyamide sheath with a structured sur-
face (outer diameter 3.2 mm) to increase the mechanical cou-
pling between cement and cable. The cable was attached to
the casing using cable ties and tape. Two fixations were used
per tube joint. To improve the cement deposition and reduce
the risk of micro-channels between cable and cement, 4 mm
separators were installed between the cable and the casing.
Figure 13a shows the fiber-optic cable (and its fixing with
separators) prepared for the deployment in the well.

To verify cable integrity during installation, optical time-
domain reflectometry was performed after cable installation
and prior to cementation. Afterwards, the well cementation
was performed to ensure the best possible coupling of the
casing and the surrounding rocks. The quality of cementation
was controlled by the distributed fiber-optic strain measure-
ments along the cable with an optical backscatter reflectome-
ter (Luna OBR 4400) previously used in borehole applica-
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Figure 12. Example of microearthquake waveforms recorded with an 8-level borehole chain at S1 Landwüst (test installation before the
deployment of the final 10-level chain) for the event on 23 January 2020, 22:21:11 UTC at 8 km depth, ML 0.1, at an epicentral distance of
11 km (near Luby). Note the good signal-to-noise ratios (SNRs) of the recordings and their improvement with depth. The red box in panel (a)
indicates the zoomed area in panel (b).

Figure 13. Panel (a) shows the fiber-optic cable (blue) fixed at the 4.5 in. (115 mm) borehole casing of S1. Blue separators can be seen
beneath the tape to improve the cable coupling. Panel (b) presents the fiber-optic distributed strain rate measurements during cementing of
the 4.5 in. (115 mm) casing. Panel (c) provides a sketch of cementing (flow indicated by arrows); the cement suspension (green) and spacer
fluid (blue) are schematically depicted for the time of 26 min.

tions (e.g., Lipus et al., 2018). The OBR interrogator is based
on the optical frequency domain reflectometry (OFDR) prin-
ciple, following Froggatt and Moore (1998). The measure-
ment resulted in a strain section recorded every 60 s over a
time span of 2 h during the cement pumping. An example of

such measurement is depicted in Fig. 13b, showing the strain
change between two successive measurements.
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8 Data management

The ICDP Eger project comprises a large number of contin-
uously operating sensors for recording seismic, gas-related
and meteorological data streams. In future, additional sen-
sors also are planned for the detection of infrasonic and/or
rotational seismic signals. As the project represents a long-
term monitoring effort and shall be operated for at least 10–
15 years, a vast amount of data has to be considered.

The major part of these data is represented by seismic
monitoring at the S1–S4 and F1–F3 sites, where the 3-D
arrays at the S1–S3 sites play a particularly crucial role.
Each of these sites, equipped with 25 geophones/seismome-
ters (3C instruments in all cases) with both borehole (9
geophones and 1 seismometer) and surface installations (15
geophones), produces a data stream of 75 seismic channels.
With the continuous sampling rate of 1 kHz, the amount of
data produced at each 3-D 3C array installation at S1–S3
will be in the order of 16 GB d−1 (75 channels× 1000
samples / (channel× s)× 86 400 s d−1

× 2.5 B per sam-
ple= 16.2 GB d−1). This sums to 50 GB d−1 (including S4),
i.e., ∼ 1.5 TB every month accumulating to 180 TB over a
10-year operating period. Data streams will be transmitted
to Potsdam and/or partner institutions in Prague and Leipzig
via 4G mobile phone standard to an open VPN server with
SeedLink. The amount of data produced from gas sensors
and meteorological data will be much smaller and can safely
be estimated to be in the order of 1 % of the seismic data.

9 Summary

The new in situ geodynamic laboratory established in the
framework of the ICDP Eger project involves five borehole
sites aimed at long-term monitoring of seismic activity and
CO2 degassing in the West Bohemia–Vogtland geodynamic
region (western Eger Rift). At each of these sites, a borehole
broadband seismometer will be installed, and sites S1, S2
and S3 will also host a 3-D seismic array composed of a ver-
tical geophone chain and surface seismic array. To date, all
of the monitoring boreholes have been drilled. This includes
the seismic monitoring boreholes S1, S2 and S3 in the crys-
talline units north and east of the major seismogenic zone
of Nový Kostel (NK), borehole F3 in the Hartoušov mofette
field south of NK and borehole S4 in the newly discovered
Bažina maar near Libá west of NK. An additional borehole,
P1, is being prepared in the Neualbenreuth maar, Germany,
and is aimed at paleoclimate research. Seismic instrumenting
has been completed in the S1 borehole and is under prepara-
tion at the four remaining monitoring borehole sites (S2, S3,
S4 and F3). The continuous fluid monitoring site Hartoušov
includes three boreholes, F1, F2 and F3, and a pilot monitor-
ing phase is underway.

It is expected that the Eger Rift laboratory will result in
an increasing sensitivity and discrimination capability with
respect to seismic monitoring. Thanks to fluid sampling at

different depths, which removes near-surface contamination,
it will allow for enhanced monitoring of ongoing deep mag-
matic processes. This will improve our understanding of the
relationships among mofette degassing, gas composition and
swarms. The Eger Rift borehole laboratory also enables one
to analyze microbial activity at CO2 mofettes and maar struc-
tures in the context of changes in habitats. Last but not least,
drillings into the maar volcanoes contribute to a better under-
standing of the Quaternary paleoclimate and volcanic activ-
ity.

Data availability. After a 3-year embargo period, beginning on the
date of sampling party, the downhole logging and stratigraphy data
will be available at the ICDP repository database (https://nextcloud.
gfz-potsdam.de, last access: 7 June 2022; Fischer et al., 2022).
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