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Abstract The understanding of themagma systembeneath intracontinental volcanic fields depends crit-
ically on our ability to resolve small-sized anomalies distributed over large areas of hundreds of kilometres.
Magmatic reservoirs co-exist at different depths in the upper mantle and crust and may consist of extensive
zones of crystal mush, swarms of sills and dikes of different ages and states, pore space saturated by volatiles
or melt, or larger-volume, differentiated magma. Passive seismological experiments with a large number of
sensors deployedwith small interstation spacings, combiningdifferent typesof sensors and fibre-optic sensor
technology, have great promise for addressing the resolution to capture the distributedmagmatic system. We
report on a one-year, large-N experiment in the Quaternary volcanic fields of the Eifel, Germany, where more
than 494 seismic stationswere deployed and combinedwith a 64 km long DAS cable and permanent stations.
A cloud-based, open-source GIS system was implemented to address logistical challenges and ensure data
quality combined with seismological analysis and visualisation tools. We present initial results to test the
potential of such an extensive waveform database and automated processing for locating small earthquakes
and imaging crustal and upper mantle anomalies using techniques such as ambient noise cross-correlation,
receiver functions, and SKS splitting.

Zusammenfassung Verteilte Vulkanfelder sind eine wenig erforschte Form des Vulkanismus inner-
halb kontinentaler Platten. Sie zeichnen sich durch eine große Anzahl von Vulkanen und Maaren aus, die sich
über Gebiete von 1.000 bis 10.000 km² verteilen. In den meisten Fällen ist jeder dieser Vulkane nur einmal
aktiv, die folgenden Eruptionen finden dann an einem anderen Ort statt. Um die Gefahr durch diese Art des
Vulkanismus besser einschätzen zu können, ist es wichtig, das magmatische System von der Manteltiefe bis
zur oberen Kruste abzubilden und kleine Magmakammern zu kartieren, aus denen Magmen aufsteigen und
eineneinzelnenAusbruchverursachenkönnten. Wirhabeneingroßespassives seismischesExperiment inden
Vulkanfeldern der Eifel in Deutschland durchgeführt. Dabei setzten wir mehr als 494 seismische Stationen in
Kombinationmit Lichtleiter-Sensorik entlang eines ungenutzten, 64 Kilometer langen Telekommunikationsk-
abels sowie permanenten Stationen in der Region ein. Der Übersichtsartikel beschreibt die wissenschaftliche
Motivation, den Versuchsaufbau, die Datenqualität und das enorme Potenzial der umfangreichen Wellenfor-
mdatenbank. Wir zeigen, wie neuartige Techniken der künstlichen Intelligenz eingesetzt werden, um kleine
Mikroerdbeben direkt aus den Wellenformen automatisch zu lokalisieren. Es werden Beispiele für die Abbil-
dung von Anomalien in der Erdkruste und im oberen Mantel vorgestellt.

Non-technical summary Distributed volcanic fields are a poorly understood type of volcanism
within continental plates. They are characterized by a large number of volcanoes and maars densely dis-
tributed over areas of 1000 to 10000 km2. In most cases, each of these volcanoes are active only once in their
life, and the following eruptions occur at a different location.
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To better assess the hazard of this type of volcanism, it is important to image the magmatic system from
the mantle depth to the upper crust and to map small magma pockets, where the magma is often stored
and from where it could rise to form a single eruption. We conducted a large passive seismic experiment
in the Eifel volcanic fields, Germany, using more than 494 seismic stations combined with acoustic sensing
along an unused 64 km long telecommunication cable and permanent stations in the region. The overview
paper describes the scientific motivation, the experimental setup and data quality, and the huge potential of
the collected extensive waveform database. We show how novel artificial intelligence techniques are used to
automatically locate small microearthquakes directly from the waveforms. Examples for imaging crustal and
upper mantle anomalies are presented.

1 Introduction
Distributed volcanic fields are the most common form
of continental volcanism away from plate boundaries.
The magma dynamics and volcanic hazards of these
fields remain largely undetermined because their vol-
canic centres do not exhibit any temporally predictable
eruption patterns (e.g., Alohali et al., 2022). More-
over, their magmatic feeder systems are distributed
over large depth ranges in the crust and mantle, and
magma transfer ranges from rapid melt ascent of prim-
itive magmas directly from themantle to protracted de-
velopment in intracrustal magma reservoirs.
The chain of volcanic fields from northern Spain,

France and Germany, including the Eifel (Fig. 1), is a
world-class example of young distributed volcanism in
central Europe. The Eifel is notable not only for the
size of its two Quaternary subfields, the Eastern Eifel
Volcanic Field (EEVF) and the Western Eifel Volcanic
Field (WEVF), each about 60 x 40 km2 (Fig. 1a), but
also for its eruption rate, with more than 350 eruptions
within about 700 ka (Fig. 1b). Between the two Quater-
nary fields lies a Tertiary volcanic field in theHigh Eifel.
The numerous volcanoes show a wide range of erup-
tion types, from small scoria cones and explosivemaar-
diatreme volcanoes to long-lived volcanic centers in
the EEVF, that produced highly explosive, large-volume
eruptions of evolved, gas-rich magma. All known erup-
tions in the Eifel occurred at prehistoric times in a now
highly urbanized region.
Laacher See volcano (LSV, Fig. 1a) features an ac-

tively degassing, CO2-rich magma system. High back-
ground CO2-fluxes, ephemeral gas bursts, and CO2-
driven diatremes go along with short-term uplift and
deflation, indicating a highly active yet cold hydrother-
mal system. Why this system appears cold on the sur-
face is enigmatic in the light of the size of a Volcanic
Explosivity Index 6 eruption (VEI 6) only 13 ka ago
(Reinig and et al., 2021). Laacher See is also unique
as the second youngest silicate-carbonatiticmagma sys-
tem worldwide that is not erupting. CO2 from mantle
melts and evolvedphonoliticmagma chambers strongly
influencemagma properties and the surrounding coun-
try rock. With more than 200 springs with CO2 > 1 g/l
and a CO2 flux of about 5 kt/a only at LSV (e.g., Dahm
et al., 2020), the Eifel region is a world-class location to
study the role of magmatic CO2 as a potential hazard
and indicator for fluid transport from the mantle to the
surface.
Besides LSV, there are older phonolitic volcanoes in

the EEVF: the Wehr (∼ 150 ka) and Rieden complexes
(∼ 450 ka) few kilometers west and southwest of LSV

(Fig. 1). Evolved alkaline volcanism in these centers,
including LSV, is associated with ejection of cogenetic
carbonatite clasts, which were segregated from un-
derground carbonatite intrusions (Schmitt et al., 2010;
Berndt and Klemme, 2022).
Degassing from stalled magma at Moho depths with

ongoingmigration ofmagmatic fluids through the crust
beneath the EEFZ is likely related to the occurrence
of deep low-frequency (DLF) earthquakes in persistent
depth clusters (Hensch et al., 2019). The first DLF earth-
quakes were detected in 2013, and since then, several
deep clusters have been active, indicating a transcrustal
subvertical channel structure between 10 and 45 km
depth,which is likely usedbyCO2-richfluid and/ormelt
to migrate upwards. This transcrustal channel coin-
cides with the location where the highest CO2 flux and
highest ratios of helium isotopes (Ra = 3He/4He cor-
rected for atmospheric contamination) were measured
with Ra = 5.6 in the region betweenWehr and the LSV.
Geochemical and petrological studies constrain the

uppermost level of the transcrustal magma system in
the EEVF to 3‒4 km (115‒145 MPa pressure, Berndt
et al., 2001), consistent with depth estimates for phono-
litic magma reservoirs at 4‒12 km from erupted con-
tact metamorphic xenoliths. The analysis of tephra
from the LSV VEI 6 eruption indicates that an in-
terconnected, thermally and compositionally stratified
phonolitic magma reservoir existed before eruption
(e.g. Tomlinson et al., 2020, and references therein). De-
tailed studies of diffusion modelling of zoned feldspar
revealed that the intrusive complex remained hot (>
560◦C, Rout and Wörner, 2018, 2020) over several tens
of thousands of years preceding the eruption (Bourdon
et al., 1994; Schmitt et al., 2010). This requires frequent
influx of fresh magma to keep the system hot.
Mantle-derived CO2 also plays an important role in

controlling crystal-melt stability in magma reservoirs,
and flushing of crystal-rich mush reservoirs by arrival
of large amounts of ascending CO2 has been proposed
as an eruption trigger (Caricchi et al., 2018; Pappalardo
et al., 2022). Since swarm-like microearthquakes have
occurred in 2017/2018 and 2022 between and below all
three centers at a depth of about 8 km , it is postulated
that a common sill-like reservoir remains active under-
neath. An example of the geometry of a sill or saucer-
type reservoir is given in the West Eifel beneath Kel-
berg (see, Dahm et al., 2020), where seismic profiling
resolved a 10 km wide bright spot between 6 and 10 km
depth, which correlates with a circular magnetic and
gravity anomaly and is interpreted as the remnant of a
tertiary magma reservoir.
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Figure 1 (a) Overview of the Quaternary (EEVF, WEVF) and Tertiary volcanic fields in the Eifel. The hatched areas show
the Tertiary fields of the Siebengebirge (SG) and Westerwald (WF). Small gray triangles indicate tertiary volcanoes of the
high Eifel. Rieden, Wehr and Laacher See (LSV) are phonolitic eruption centers, where the youngest explosive eruption oc-
curred 13 ka ago at LSV. The youngest maar eruption occurred 11 ka ago at Ulmen. Emission points for magma-derived
CO2 with mantle-derived helium (He, blue circles) and major faults (black lines) are shown. The inlet figure shows the Eifel
region (black box) and provides an overview of Quaternary volcanic fields in Central Europe. (b) Global assessment of recur-
rence time of intracontinental volcanic fields, where the Eifel Quaternary fields are highighted in red. Label numbers refer
to: 0=Harrat Khaybar; 1=Northern Harrat Rahat; 2=Armenia; 3=Eifel Quaternary Volcanic Fields, Germany; 4=Pancake, USA;
5=Yucca Mountain, USA; 6=Springerville, USA; 7=Camargo, Mexico; 8=Klyuchevskoy Group, Russia; 9=Newer VP, Australia;
10=Pali Aike, Argentina; 11=San Francisco, USA; 12=Pinacate, Mexico; 13=Coso, USA; 14=Hurricane, USA; 15=Lunar Crater,
USA;16=Sabatini, Italy; 17=Big Pine, USA; 18=Cima, USA; 19=Eastern Snake River Plain, USA (compilation from Alohali et al.,
2022).

Recent geophysical and geodetical observations have
also challenged preconceptions about the deep struc-
ture of the Eifel volcanic field. For instance, ongo-
ing regional-scale uplift of the Rhenish massif (e.g.,
Kreemer et al., 2020) is identified in GNSS and PSInSAR
ten- or twenty-year average velocities. Interestingly, the
surface uplift rate correlates with the intensity of the
Mohovelocity anomaly and the smoothMohoupwelling
over distances of more than 100 km (Fig. S3 in supple-
ment material). The uplift rate also peaks where Moho
upwelling is indicated in a seismic profile through the
Eifel along with a lower crustal seismically transparent
wedge in the lower crust (seeDahmet al., 2020, and sup-
plement material).
Starting in September 2022, we conducted a year-long

large-N seismological experiment in the Eifel region
withmore than 494 seismic station locations and an out-
standing dense ray coverage with about 80,000 theoreti-
cal pathways for seismic waves (Fig. 2). The seismic sta-
tions consisted of 4.5 Hz short period geophones, Mark
1 Hz and Trillium compact broadband sensors (20 s &
120 s). The interstation distance of the distributed array
is about 1 km in the EEVF and close to the Laacher See.
Additionally, three small aperture arrays were deployed

in a tripartite configuration (6-8 stations within 200 m),
surrounding the Laacher See, recording at 200 Hz. In
spring 2023, the network was partly re-distributed to re-
alise a 180 km long linear profile crossing the LSV with
an interstation distance of only 1 km (Fig. 2). The sta-
tions recorded data over a period of one year and all
data were collected end of August 2023. Additionally,
for the first time in Germany, we interrogated a 64 km
long, unusued telecomunications cable (darkfibre) run-
ning through the study area (Fig. 4) to continuously
monitor strain rates on 5500 virtual channels at a sam-
pling rate of 250Hz (DistributedAcoustic Sensing, DAS).
As a further activity, a first shallow scientific borehole
was realized in a joint effort of the Geological Survey of
Rhineland-Palatinate and the GFZ, which was equipped
with a borehole seismometer at a depth of 225 m depth
to improve the monitoring.
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Figure 2 Layout of the temporary seismic network (6E), contributing permanent networks and the fibre optic cable for
distributed acoustic sensing (DAS) deployed as part of the Eifel large-N experiment, one of the largest experiments in the
Eifel so far (Dahm et al., 2023) . The temporary stations recorded from September 2022 to August 2023, and the DAS for 6
months betweenMarch andAugust 2023. The centre of the deployment is the Laacher See (see inset figure). The contributing
networks have temporary network codes [5-8]X in brackets are the permanent names of those networks.

2 Experimental design and implemen-
tation

2.1 Network design and pre-site surveying
The experiment and network were designed with the
following main objectives:

• Image crustal structure including the hypothesized
remnants of the LSV magmatic reservoir below
4 km depth

• Image the characteristics of the crust-mantle tran-
sition in and around the source region of the DLF
events

• Monitor tectonic and volcanic seismicity in the vol-
canic fields with a focus on LSVand the occurrence
of DLF earthquakes

With the three kinds of instruments available to us
(4.5 Hz geophones, 1 Hz seismometers and broadband
seismometers) a hierarchical network with concentric
areal distributions was chosen. Broadband stations
with capabilities for deep imaging using low frequency
surface wave tomography were distributed almost ho-
mogeneously within a circle of about 80 km radius and
this network was densified by the 1 Hz sensors. This
backbone network which already has some densifica-
tion towards the center at the LSV was complemented
by the 4.5 Hz geophones, arranged in a network with
an aperture of about 60 km. In combination the net-
work features station distances decreasing from about
10-20 km at the periphery to less then 1 km in the cen-
tral location.
To accommodate the mutually exclusive require-

ments for high resolution crustal imagingof theLSVand

the deep imaging of the Moho, the 4.5 Hz geophones
were redeployed after 6 months of recording onto a
160 km long SW-NE trending line with 1 km station dis-
tance. The orientation of the profile resulted from con-
siderations of earlier active seismic profiles, the main
structural features like Rhine valley and Siegener main
thrust and the expected noise conditions with heavy
human activity along the Rhine river. With redeploye-
ment of the high frequency geophones a high resolu-
tion, high-frequency imaging and seismicity monitor-
ing of the of the LSV can be achieved with 6 month of
data as well as a densely covered 2D deep crustal imag-
ing. In both configurations the 11 months long records
of the backbone network can (A) be used for continued
seismicity monitoring, (B) improved Green’s function
recovery from noise at low frequencies, and (C) 3D ex-
trapolation of deep imaging using the linear geophone
configuration.

Extensive site surveys scouted locations and arranged
contacts with property owners to prepare for effective
field campaigns. Stations were installed in forests, on
private properties or in buildings such as castles, mines
and auxiliary buildings. The station configuration is
shown in Figure 3a and consists of a DataCube digitizer,
the sensor and a 9V (160 Ah) super alkaline air battery
housed in a vented storage box to protect battery and
digitizer from rain. While the sensors at outdoor loca-
tions were installed at a depth of about 50 cm, the box
remained above the surface to provide oxygen for the
battery and view to the sky for theGPS receiver that pro-
vided the timing.

On average stations were serviced after 3 months to
retrieve data and renew the batteries. During the course
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Figure 3 Configuration of a typical station (a) with a DataCube digitizer, seismic instrument (here, 4.5 Hz geophone) and a
9 V, 160 Ah super alkaline air battery. Photo (b) shows the QField GIS interface during deployment of a seismic stations.

of the experiment only around 2 % of the stations were
damaged or lost.

2.2 Online GIS: ExperimentOrganization and
Mobilization

The site information was collaboratively organized in
a geographical information system (GIS), namely QGIS
(QGIS Development Team, 2024). Beginning with the
desired network layout on the drafting board and dur-
ing the subsequent scouting phase, site information
was gathered using the open-source QField mobile app
(Fig. 3b). Contact information and site photos were
entered into the database in the field on mobile de-
vices. This workflow ensured a single database as a
single source of truth where all information and log
books of the 500+ sites was collected. The mobilisation
anddemobilsationfieldworkwas orchestratedusing the
mobile QField app. Each of the 10+ field teams was
equipped with a smartphone or tablet with the QField
app installed, whichwas synchronized to the online GIS
database at night. During the day, teams worked inde-
pendently on assigned sectors without the need to con-
nect to the central database, but with the possibility to
commit changes if possible. The QField app provided
the teams with location navigation, all relevant infor-
mation, and photos of the deployment site. The field
teams updated station deployment and installation in-
formation independently. At the end of each day, all up-
dates were synchronized to the online databases using
QFieldCloud infrastructure.
The online GIS workflow ensured a consistent infor-

mation flow and productive, self-responsible collabora-
tion of the fieldwork teams. Furthermore, the online
database offered a real-time progress status of the de-
ployment sectors, helping the teams be efficiently orga-
nized. The GIS database also allowed the swift organiza-

tion of the station metadata. A QField template project
is provided in the supplement information.

3 Waveforms and associated
databases

3.1 Data quality
Station uptimes

The median station uptime (Fig. 4) was approximately
88% of the deployment time. Downtimes were largely
influenced by battery power, which depended on a
number of factors: (1) health of the deployed air batter-
ies, (2) battery degradation through humidity and per-
formance, affectedby temperature, (3) power consump-
tion of the seismic instrument, affected by GPS avail-
ability and sampling rate. The deployed seismic instru-
ments had different power requirements. While the
broadband Trillium Compact sensors are active force-
feedback instrument and were equipped with two bat-
teries each, the passive 1 Hz (Mark) and 4.5 Hz Geo-
phones we equipped with one battery each.

Quality control of the large-N network waveform
data andmetadata

The 6E network includes broadband seismometers with
corner frequencies of 120 s and 20 s, 1 Hz short period
stations, and 4.5 Hz geophones (Fig. 5). Station meta-
data of the temporary Eifel large-N network (6E) is pro-
vided in FDSN-StationXML format. The file was care-
fully reviewed for consistency and completeness using
the stationxml-validator tool v. 1.7.5 provided by IRIS 1,
last accessed July 2024). The tool proved helpful to de-
tect (and correct) for example issues concerning start-

1https://github.com/iris-edu/StationXML-Validator
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Figure 4 Sorted station uptimes grouped by instrument and network layout. The broadband Trillium Compact 20 s / 120 s
(a) and Mark short period instruments (1 Hz) (b) were operated in the spatially extended network. The 4.5 Hz geophones
were operated in the spatially extended network (c) for the first half of the experiment and then re-deployed onto the SE - NW
profile (d; see Fig. 2). The dashed line indicates the median uptime of the instruments.

Figure 5 Responses of the three sensor types of the 6E temporary network: (a) 120 s (dashed lines) and 20 s (solid lines)
broadband seismometers, (b) 1 Hz short-period sensors, and (c) 4.5 Hz geophones. Triangles mark the breakpoints of the
poles and zeros response, the filled circles mark the frequency for which the sensitivity value is reported in the station-xml
files. Input unit of all three instrument responses is m/s, output unit is counts.

and end-times, unit naming conventions, ormissing in-
formation.
In addition to this metadata check, we applied the

quality control toolboxAutoStatsQ (Petersen et al., 2019)
to check (1) the horizontal sensor orientations, (2) am-
plitude gains, and (3) large GPS time errors (≥ 2s). All
tests are based on waveform records of azimuthally dis-
tributed teleseismic events. Utilized frequency bands
below 0.2 Hz limit the test to broadband seismometers
and 1Hz short period stations, thus excluding the 4.5Hz
geophones from the analysis. The orientation test is
based on the comparison of Rayleigh wave polarization
on vertical and radial components, while the amplitude
gain test compares first arriving P phase amplitudes on
the vertical components among the stations of the net-
work as well as to expected amplitudes forward mod-
eled using a global 1D velocity model. The timing test
is based on cross-correlating synthetic and observed
waveforms to obtain time shifts. A correction for each
event is applied based on the median time shift across
all stations. For detailed description of the tests see the
supplementary material and Petersen et al. (2019).
The resolution of the three tests depends on the avail-

ability of high-quality waveform records of a sufficient
number of teleseismic events, and therefore mainly on
each station’s uptime. In the supplement to this pa-
per, we provide tables of correction values for the ori-
entation of the horizontal components. After checking

154 broadband and short period sensors, we find and
report results of 4 HH and 14 EH sensors with misori-
entations ≥20◦ for which we suggest correcting before
performing sensitive seismological analysis such asmo-
ment tensor inversion or shear wave splitting analysis.
The obtained orientations are provided as azimuth in
the stationXML metadata and north and east channels
were renamed to HH1/EH1 and HH2/EH2. For three
broadband (HH) seismometers and one 1 Hz short pe-
riod station we observe misorientations of 180◦, corre-
sponding to the North component pointing southward
or a sign error of the horizontal channels. These four
stations were corrected before publishing the dataset.
The heterogeneous recording lengths of the stations is
reflected in the stability of results. For about 10% of the
broadband stations and 20%of the short period stations
the number of teleseismic events with a good signal-to-
noise ratio is too small to obtain meaningful results.
We conclude from our further tests, that the ampli-

tude gain factors of all tested HH and EH stations are
correct. In addition, we do not observe GPS timing er-
rors that exceed the resolution limit of the test (2 s), but
note that due to the limited operation length the test
could not provide meaningful results for about 13 % of
the HH and EH stations.
AutoStatsQ has previously been applied to several dif-

ferent networks, including for example the AlpArray,
Swath-D (Petersen et al., 2019) and KOERI (Büyükakpı-
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nar et al., 2021) networks. Compared to these networks,
the Eifel large-N network of HH and EH stations per-
forms similar with about 10 %misoriented stations.

Visualization of global seismic phases and event
example

Dense seismic networks like the Eifel large-N experi-
ment allow detailed observations of wave propagation.
While those wavefield observations are mainly used
to determine deep structures in teleseismic applica-
tions, time-dependent visualizations of the ground mo-
tions across the network can also serve as an addi-
tional health-monitoring step and for educational pur-
pose. Weuse a visualization tool developedbyLing et al.
(2021), adjusting the code to the Eifel large-N network,
which is characterized by a significantly smaller aper-
ture and different sensor types compared to the origi-
nal use case, which was the AlpArray Seismic Network.
In the supplement of this paper, we include movies of
one teleseismic event (M 7.6, 2023-01-09, Banda Sea)
and of the M 7.7 Türkiye earthquake (2023-02-06) at in-
termediate distance. The animations contain a ground
motion map, one reference seismogram, a frequency-
wavenumber diagram, and a ray-path plot. The analy-
sis and plotting are based on the ObsPy seismology soft-
ware (Krischer et al., 2015) and TauP travel times using
the IASP91 global seismic velocity model (Kennett and
Engdahl, 1991; Snoke, 2009). Details on themethod and
data processing are provided in the supplement file.

Local event examples

Fig. 6 shows a record section at large-N stations for
a sequence of local earthquakes beneath Kruft about
10 km from LSVat about 10 km depth. The largest event
with a magnitude ML 2.1 was preceded and followed
by smaller micro-earthquakes with ML 0.4 and smaller.
While individual stations show site-specific noise and
the smaller pre- and aftershocks would be difficult to
resolve, the shear number of records and the small dis-
tance between them helps to correlate andmeasure the
move-out of the direct P and S arrival. The visual repre-
sentation of the waveforms in Fig. 6 suggests that wave-
form or waveform attribute stacking methods are par-
ticularly suitable for detecting and locating very small
earthquakes. This has been confirmed in initial appli-
cations, as shown below.
Fig. 7 shows the recordings of a local ML 2.9 earth-

quake in 12 km depth on the 64 km long dark fibre inter-
rogated by an OptoDAS acquisition system. The 5200+
channel locations of the cable (12 m channel spacing)
have been geolocated by hammer blow experiments,
and the metadata for the cable were constructed ac-
cording to seismological conventions and additional en-
tries in the mseed format. The strain-rate of a subset
of channels is plotted after de-noising with an adap-
tive frequency-wavenumberfilter (AFK, see, Isken et al.,
2022). The arrival times of the P- and S- waves are well
defined and can be modelled in a half space with vP ≈
6.25 km/s and vs ≈ 3.85 km, leading to vP /vS = 1.62.
Amplitude variations along cable distance are visible,
which are likely causedby a combinationof geometrical

attenuation, radiation pattern and site-specific damp-
ing. Of interest are the variations in the appearance of
the coda wave. These may reflect the presence or ab-
sence of irregular near surface scatterers as for instance
caused by topography and valleys. At cable distances
of 50 km or larger (distance to the earthquake about
28 km) a secondary phase is clearly visible, which can
be modelled as a SmS reflection from a layer in a depth
of m = 22 km beneath the Laacher See volcanic system.
In Fig. 8 we show seismogram sections of the same

ML 2.9 earthquake along the SE-NW running profile in
Fig. 2 with small station spacings between 1 and 2 km,
both along the northeast and southwest branches. The
arrival times of the direct P and S waves already show
significant differences in the two segments. While the
direct P-wave can be well adapted in both branches
with a layer-over-half-space model with velocity vP =
6.7 km/s, the fitting of the arrival time of the direct
S-wave requires a ratio vP /vS = 1.7 in the westerly
direction, similar to the north direction displayed in
Fig. 7, but only 1.62 in the easterly direction. Modelling
of the Moho-refracted Pn propagation suggests a Moho
depth of 24 km and 29.7 km in the easterly and west-
erly directions, respectively. Variations in Moho depth
have previously been identified by refraction seismic
experiments (e.g., Mooney and Prodehl, 1978; Mechie
et al., 1978), including the detection of low velocity
layers above and below the Moho. However, only P-
waves were excited by surface explosions in these ex-
periments, and strong surface waves challenged the in-
terpretation of later body wave arrivals. In contrast, the
data collected in the large-N allow the interpretation of
S-wave reflections and show few surface waves because
the earthquake sources are at depth.
The seismogram sections in Fig. 7 and 8 already show

the importance of larger network apertures of 130 km
and more to resolve the depth and characteristics of
layer interfaces and sill-type reservoirs in the lower
crust and at the Moho.

3.2 Database of empirical Green functions
Collected data were used to verify that the calculation
of Empirical Green’s functions (EGF) from cross cor-
relations is possible with the mixture of stations, with
positive results. The workflow to calculate cross cor-
relations follows the approach by Bensen et al. (2007).
Station pairs including 4.5 Hz sensors allow EGFs con-
sistently down to about 8 s, often over 10 s with good
signal-to-noise ratio (SNR) (Fig. 9). Pairs with 1HzMark
geofons can resolve signals down to roughly 30 s and
pairs with Trillium compact can retrieve EGFs down to
over 100 s with good SNR. Pairing 4.5 Hz sensors with
Trillium compact sensors can enhance the signal in the
low periods compared to only using 4.5 Hz sensors.

4 Results
4.1 Catalog of local earthquakes and station

residuals
The SNR of the large-N stations is generally good (see
examples in Figs. 6 and 7), so that high frequency P
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Figure 6 Record section on a part of the large-N stations (Z component) for a sequence of earthquakes beneath Kruft about
10 km from LSV at about 10 km depth. Magnitudes range from ML 2.1 to below ML 0.4. Traces are unfiltered and scaled to
their maxima.

Figure 7 Example of DAS recordings of a local ML 2.9 earthquake SE of Mendig on 18 April 2023 at 1:23 AM (UTC) at about
16 km depth. The strain rate data was recorded along a 64 km fiber by an ASNOptoDAS interrogator on 5200+ channels at 12
m channel spacing with a gauge length of 16 m and a sampling frequency of 250 Hz. Distance along the cable is plotted. The
seismic data has been de-noised with the AFK filter (Isken et al., 2022) and subsequently bandpass-filtered between 1 and 20
Hz. The traces are normalised to theirmaximum. The arrival of P, S and a late SmS reflection atm=22 kmdepth are indicated.
The geometry of the DAS cable (red line), the interrogator (red dot) and location of the earthquake (circle) are indicated in
the map on the right panel.
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Figure 8 Seismogram sections of the magnitude 2.9 earthquake plotted in Fig. 7 along the SE-NW running profile of the
geophones plotted in Fig. 2. Panel (a) shows the record section of the northeast branch of the profile and (c) of the southwest
branch. The time reduction velocity was 6.7 km/s, so that the onset of the direct P-waves in the crust is horizontal. The onset
of the direct S-wave can be modelled using different velocity ratios of γ = vP /vS = 1.62 and 1.7 in the eastern and western
branches, respectively (b andd). The arrival times of the PmPandPnphases suggest different depths of theMoho at either 24
or 29.7 km (b and d). Strong reflections arriving between the direct P- and S-waves and after the S-wave have beenmodelled
(Pyrocko tool cake) by assuming S-to-P conversions and S-to-S reflections at 25.5 and 29.9 km depths.

and S-waves from local earthquakes down tomagnitude
M = 0 can be automatically picked.
We tested conventional versus neural network picker

(e.g. STA/LTA versus Phasenet, see, Zhu and Beroza,
2018). Additionally, we compared different machine-
learning (ML) based pickers. In summary, we found
thatML-basedpickers outperformed conventional pick-
ers for the Eifel large-N database, and Phasenet per-
formed best among the different ML pickers (see sup-
plement Fig. S5). For event detection and localisation,
we tested another approach as a conventional travel-
time location method. Stacking waveform attributes is
a very robust and reliable location method when large
and dense networks can be used, with the advantage
that phase association is not required. In our case,
we stacked the probability functions derived from the
Phasenet picker on a flexible grid of trial locations. The
location with the highest semblance in the stack has
the highest probability and is selected as the event lo-
cation. Themethod is described in Isken et al. (2025). It
employs a hierarchical octree data structure (Meagher,
1982) to iteratively adapt the search grid to high reso-
lution in regions of high semblance. Further, station
and source-specific correction terms, estimated from
the ensemble of event locations, are considered. Event

magnitudes are obtained by comparing measured peak
amplitudes with those extracted from a Green function
database of synthetic seismograms (see, Dahm et al.,
2024). In addition to the Eifel large-N dataset, the
methodhas so far been successfully applied to theReyk-
janes Peninsula, Iceland, (e.g., Büyükakpınar et al.,
2025), the Utah FORGE (Frontier Observatory for Re-
search in Geothermal Energy) injection experiments in
SW Utah, USA (Niemz et al., 2024), and the Vogtland
earthquake swarm region on the German-Czech border
(Büyükakpınar et al., 2024).
The automatic location with Qseek retrieves quarry

blasts and surface sources at the surface well if they oc-
cur in the centre of the network (Fig. 11).
Fig. 10 shows the epicenters and depths of earth-

quakes in the seismicity catalog generated by the Qseek
automatic routine. Eventmagnitudes range fromM 0 to
M 2.9. Overall,more than 1200 earthquakeswithM > 0
were detected and located with Qseek, while the routine
location of the Seismological Survey located only about
198 earthquakes during the same period. The seismic
catalog has already brought some surprises and new in-
sights. Most of the earthquakes occurred in a depth
range between 10 and 14 km in the Ochtendung seis-
mic zone in the Neuwied basin, confirming the pattern
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Figure 9 Examples for cross correlation functions for several station pairs in the Eifel large-N dataset. Different sensor com-
binations allow for different signal resolutions in the lower frequencies. The examples shown compare different pairs (4.5 Hz
geophones, 1 Hz Mark geophones, Trillium compact broadband seismometers and the combinations with one 4.5 Hz geo-
phone and one Trillium compact broadband seismometer) with roughly the same orientation of the inter-station pathwithin
the network. The cross correlation trace is shown with the spectrogram.

of previous years. However, unlike in previous years,
clusters of earthquakes occurred directly beneath the
three volcanic centers, Laacher See, Rieden and Wehr,
at depths between 11 and 8 km. Also new is the detec-
tion of crustal micro-earthquakes in the WEVF, which
has not been documented before.
An important question for large-N experiments is

whether the ML-based P and S picks and the automatic
Qseek locations canbeused for joint tomography. Figure
12 shows the residual P-wave arrival times for all events
in our catalogue. Strong delays up to -0.5 s occur in the
EEVF near Laacher See. Similar patterns are observed
for S-waves. This suggests that 3D tomographywill have
the resolution to resolve the velocity structure in the up-
permost 15 km beneath the LSV.

4.2 Feasibility of nodal array receiver func-
tion analysis

Passive-source seismic imaging using the receiver func-
tion (RF) method is commonly used to investigate the
structure in the crust and upper mantle. Conventional

RFs are calculated from broadband data and are usually
stacked over a large number of teleseismic events to en-
hance the SNR. Short-period stations have proven suc-
cessful in extracting proper RFs (e.g., Yuan et al., 1997),
and their use has increased significantly in recent years
(e.g., Ward and Lin, 2017). Here we show that it is fea-
sible to apply RF analysis to our large-N experiment in
the Eifel and that it is also possible to obtain RFs of rea-
sonable quality from an event.
A teleseismic earthquake of magnitude 6.5 occurred

on 2022-09-17 southeast of Taiwan and was well
recorded bymost of our stations. The event was located
∼87◦ away from the seismic network with a back az-
imuth of ∼57◦. While the P-waves are easily detectable
in the original recordings from the broadband Trillium
Compact stations (Fig. 13, left panel, traces 1-3), the
waveforms are less visible at the short-period Mark L4
stations (traces 4-6) and are undetectable at the geo-
phone stations (traces 7-9). After removing the instru-
ment response andhigh-pass filter, the P-waveformsbe-
come clearly visible in the displacement data from all
types of instruments (Fig. 13, right panel).
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Figure 10 Earthquakes between September 2022 and September 2023 automatically located with Qseek. Magnitudes are
indicated by size of circles (see legend), and earthquake depths are indicated by colours (see cross section). The dashed
profile A-A’ crosses the LSV caldera. Earthquakes plotted in the depth section between A-A’ (lower panel) were projected
from ±5 km onto the profile.

Fig. 14 shows the RFs calculated from the displace-
ments of the 2022-09-17 earthquake. It is known that in-
dividual RFs calculated from one single event are usu-
ally noisy and therefore stacking of RFs from many
events is necessary to increase the SNR. However, in
Fig. 14, most of the RFs are of high quality and exhibit
consistent converted phases from the crust and upper
mantle discontinuities. RFs from short-period stations,
especially of the geophones are comparable to those
from the broadband stations. Geophone receiver func-
tions also often benefit from the greater station den-
sity, which can result in a higher SNR in their stack than
broadband stations.

Fig. 15 is the common conversion point (CCP) stacked
RF image along a profile from southwest to north-
east. Four events that occurred from September 2022 to
March 2023 with magnitudes larger than 6.0 are used.
This is the time frame of the first phase of the exper-
iment, where only areal array stations were deployed
(see stationmap inFig. 15). Several interfaces canbede-

picted in the RF image. An interface at shallow depths
down to∼5 kmmay represent the crystalline basement.
TheMoho is clearly imaged at depths between 20 and 30
km. Below the Laacher See, where theDLF earthquakes
are located, theMoho is updoming to a depthof∼25 km.
The Moho depth variation generally agrees with previ-
ousRF studies showing a shallowMoho in the area (Bud-
weg et al., 2006; Seiberlich et al., 2013). The image also
reveals a discontinuity at depths around 60 km with a
negative velocity gradient. This interfacemay represent
the lithosphere-asthenosphere boundary (LAB) and is
consistent with a LAB depth of 60 km reported by a pre-
viousRF study (Seiberlich et al., 2013) andwith a surface
wave study showing a low velocity zone at depths below
∼70 km (Mathar et al., 2006). In our RF image the LAB
interface is elevated to ∼55 km below Laacher See.
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Figure 11 Plotted are all earthquake locationswith source depth< 500 m. Clustered events coincidewith known quarries,
confirming the quality of the automatic neural network picking and location approach by Qseek (Isken et al., 2025).

Figure 12 Mean delay times obtained from Qseek, which were used as station corrections in a subsequent inversion run.

4.3 Feasibility of nodal array shear wave
splitting analysis

Mantle flow may cause dislocation creep of mantle
minerals which, in turn, leads to crystallographic pre-
ferred orientation (CPO) of minerals, producing seis-
mic anisotropy of the bulk mantle (e.g., Nicolas and

Christensen, 1987). CPO may also be present as fos-
silized anisotropy from the last tectonic episode. Lay-
ers with alternating velocities or melt-filled lenses may
cause shape-preferred anisotropy (SPO) in the man-
tle or crust. This can be measured via shear-wave
splitting (SWS). When a shear-wave travels through an
anisotropic medium, it is split into a fast and slow
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Figure 13 Example of teleseismic waveforms recorded at 3 different types of stations. Left panel shows the original records
of the September 17, 2022 event (mb=6.5, dist=87◦, baz=57◦). The right panel shows corresponding displacement traces after
removing the instrument response andhighpass filter (10 s for the TCandMark and5 s for the geophone). Thedisplacements
for the short-period Mark and geophone stations are then clearly visible and comparable to those of the broadband stations.

Figure 14 RFs at different types of stations calculatedwith the same event as shown in Fig. 13. A summation trace is shown
at top of each panel. The RFs are similar for each type of instrument. The Moho converted phases and multiples are clearly
visible. The upper mantle discontinuities, as well as a possible phase from the LAB are also detectable.

wave component, where the polarization of the fast
wave indicates the ”fast direction” φ of the anisotropic
medium. The delay time δt between the twowaves is re-
lated to the strength and/or thickness of the anisotropic
medium (e.g., Silver and Chan, 1991). A prior study cen-
tered on the Eifel region interpreted SWS results due
to parabolic asthenospheric flow caused by the postu-
lated Eifel plume (Walker et al., 2005). Using the au-
tomated version of SplitRacer (Link et al., 2022), an
SWS analysis tool, on our dataset, we show SWS mea-
surements from a single M7 event on 14th Septem-
ber 2022, 11:04 from southeast of the Loyalty Islands
[-21.1909, 170.2666]. These measurements show a uni-
formly ENE/WSW φ of 70° and mean δt of 1s. Among
those, half of the measurements were made on data
from 4.5 Hz geophones, with the remainder split be-
tween broadband and short-period instruments. This
demonstrates that even 4.5 Hz geophone data can be

used when noise conditions are favorable. Though SWS
studies usually benefit from long experiment run-times,
using a single event measurement can still be insight-
ful if the station spacing is small enough as any differ-
ences in SWS across stations can be attributed to differ-
ent anisotropic structures in the subsurface. For the ex-
ample shown here, fast axes are uniformly parallel to
Variscan structures. Walker et al. (2005) observedmany
null-measurementswhich they assumedwere likely not
caused by the absent anisotropy, but the result of the
fast axes being parallel to the backazimuth of the in-
coming wave. They concluded that, likely, there was
anisotropy with a fast axis of 70° or 250° present, which
is the directionof the fast polarization found in ourmea-
surement. They also reported some very large delay
time δt of up to 2.4s which, considering their splitting
examples (see Fig 3 of Walker et al., 2005), are rather
close to null-measurements. Their preferred model of
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Figure 15 RF CCP image along a profile from southwest to northeast. The stations involved are from the areal array in
experiment phase 1 and are highlighted in the station map. The DLF earthquakes are indicated by magenta stars. Dashed
lines mark the Moho and the possible LAB phases.

Figure 16 The results of the SWS analysis of the event on 14th September 2022, 11:04 from southeast of the Loyalty Islands
[-21.1909, 170.2666]

asthenospheric flow can presently not be corroborated,
as it is largely based onmeasurements in areas not cov-
ered by the one event we show here. In summary, the
concept of using large-N high-frequency nodal arrays
with a deployment time of one year is successfully con-
tributing to anisotropy studies in the upper mantle and
crust.

5 Discussion and Conclusion

The structure of a large-N network depends crucially
on the scientific questions that are to be addressed.
The study of distributed volcanic fields requires both
high resolution from the upper mantle to the Earth’s
surface and extensive coverage of fields up to several
thousand square kilometres in size. For the Eifel,
we opted for a large-N network of buried, stand-alone
three-component stations of different types (broad-
band, short-period, and 4.5 Hz) in combination with
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small-scale arrays and close-meshed seismic and DAS-
born long profiles. Station densities were very high
along the long profiles and in the central area of the vol-
canic fields at distances of about 1 km and increased sys-
tematically with distance from the centre. The broad-
band sensors, on the other hand, were evenly dis-
tributed over the entire study area. In retrospect, it is
interesting to ask whether the design of the network
meets the scientific requirements well or whether fu-
ture experiments should be designed differently. We
discuss this question in terms of the automatic detec-
tion and localisation of micro-earthquakes, the calcula-
tion of empirical Green’s functions with sensitivity over
a large depth range, the feasibility of local earthquake
tomography, and the potential to perform broadband
seismological analysis.
The detection and location of micro-earthquakes us-

ing the large-N deployment in combination with ML-
based picker and waveform attribute migration meth-
ods was successful, as four times more earthquakes
were located with small uncertainties. The arrival-time
picks are of high quality and have on the one hand been
used to develop detailed station correction terms andon
the other hand they can be used used as direct input
to local earthquake tomography (LET) studies, which
could resolve the upper crustal structure beneath this
region.
The empirical Greens functions between station

pairs, extracted from the continuous background noise
at the participating stations, are independent of local
earthquakes and can be used to constrain tomographic
models of the subsurface. A key question is whether
the combination of different station types, e.g. broad-
band, short period, and 4.5 Hz geophones, is suitable
for this task. We analysed noise cross-correlations at
different pairs of stations at different distances. Station
pairs with 4.5 Hz sensors retrieve EGFs with good SNR
with periods of at least 8 s. Pairs with 1 Hz Mark geo-
phones can resolve periods up to 30 s, and pairs with
Trillium over 100 s with good SNR. Pairing 4.5 Hz sen-
sors with Trillium compact sensors enhances the sig-
nals compared to using 4.5 Hz sensors alone.
Displacement RFs computed for single teleseismic

events were of good quality, demonstrating the feasibil-
ity of RF studies even with short periods and dense ar-
rays of 4.5 Hz sensors. CCP stacked RF images along
profiles show multiple interfaces at shallow depths
down to 5 km in the crust and indicate upwelling Moho
and upwelling LAB boundaries beneath the EEVF, con-
sistent with previous RFs.
Shearwave splitting analysis typically relies onbroad-

band sensors with long deployment times. Here we
tested whether the short deployment time of the large-
N experiment and the use of short-period sensors is
feasible. An exploratory analysis based on a single
earthquake yielded a very consistent result of SKS split-
ting with fast axes uniformly oriented parallel to the
Variscan structures. This result challenges previous in-
terpretations of uppermantle anisotropy in the Eifel re-
gion and calls for further analysis and modelling stud-
ies.
Exploitation of the massive data from large-N experi-

ments depends critically on the accessibility, availabil-
ity, and quality of continuouswaveformdata. Data qual-
ity starts with the planning and documentation of sta-
tion locations, acquisition parameters and stationXML
files. We have had a very positive experience with an
open-source GIS-based system used in the field to or-
chestrate the station deployments of different teams. In
addition to metadata checks, we used a quality control
toolbox to check horizontal sensor orientation, ampli-
tude gains, and GPS timing errors. We also recommend
generating ground motion videos for visual control of
data quality. Finally, a lesson learned from our exper-
iment is that the generation of a virtual network and
a continuous waveform database is a huge effort and
should be started as soon as possible after station recov-
ery.
In conclusion, the large-N and DAS data collected in

the Eifel region, together with the permanent seismic
networks, provide a unique dataset with unprecedented
station density and ray coverage. This allows for the
first time to image the upper crustal magmatic system
and the residual magma reservoirs beneath the phono-
litic centres of the EEVF at high resolution. Imaging
can be achieved both by dense spatial mapping or to-
mographic inversion of integral parameters of seismic
wavefields, such as travel times or amplitude attenua-
tion, and by analysis of the wavefronts emitted by real
or virtual (e.g. reflections and transformations) seis-
mic sources. The latter is of particular interest when
local earthquakes emit S waves, to allow the study of S-
reflected and Sp-converted waves at sill-type reservoirs
in the lower crust. The network structure, which is be-
ing tested for the first time, is well suited for the appli-
cation of established broadband seismologicalmethods
and for the performance of advanced ambient seismic
noise and local earthquake tomography.
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