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Abstract 

We introduce a seismic event detector that applies signal analysis in the time and frequency domains. Signals are 
searched for with matching coincidences at neighbouring recording stations in space and time. No a priori wave-
form information is needed for the Adaptive 6-Dimensional Floating-search Multi-station Seismic-event Detector 
(A6-DFMSD). It combines a short / long time average algorithm (STA/LTA), frequency range selection, energy envelope 
matching, and backprojection techniques to find a robust detection model. As a challenging test example, the new 
detector is tuned and applied to a dataset with five months of microearthquake (ML < 2) recordings in the East Eifel 
Volcanic Field (EEVF), Germany. There, both magmatic and tectonic earthquakes occur in a depth range between 3 km 
and 43 km. A6-DFMSD detected 4.3 times as many events as were already known and it discovered a previously 
unknown event cluster. After manual localization and classification of the events, we show that A6-DFMSD finds 
events of different origins: tectonic, magmatic, atmospheric, and anthropogenic. In particular, low-frequency (LF) 
earthquakes of magmatic origin with a complicated waveform coda are very well identified. We suggest that seismo-
logical networks monitoring local seismicity in similar target zones would benefit from the use of A6-DFMSD to allow 
the detection of a wide range of different seismic signals.

Keywords  Automatic seismic event detection, Primary classification, Magmatic deep-low-frequency 
microearthquakes, Local seismological networks

Introduction
Volcanic regions are known for a wide variety of seis-
mic signals emitted from different sources connected 
with or activated by magmatism, tectonic stresses, and 
rock-fall processes (Sherburn et al. 1998; Neuberg 2011; 

Wassermann 2012; Naofumi et  al. 2013). These signals 
substantially differ in frequency content and waveform 
compared to tectonic earthquake signals, and they can 
be emitted from a very shallow source position (like 
rock-fall events or magma oscillations in a crater) to very 
deep regions even from below the Moho discontinuity 
due to magma movements near initial melting processes. 
Thereby they cover a wide range of source intensities 
and activity rates (Ratdomopurbo and Poupinet 2000; 
Hidayat et al. 2000; Stroujkova and Malin 2001; Cusano 
et al. 2013; Malfante et al. 2018).
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One of the challenging issues in this regard is the 
detection of very weak signals and microseismic events 
(local magnitude ML < 1) in volcanic regions. Detection 
of the weak signals becomes even more challenging when 
we consider the two following common scenarios: (a) 
region of the study is newly covered by a local seismo-
logical network (b) the detection of new types of seismic 
sources (unknown waveforms) becomes a special goal for 
the local seismological monitoring.

In both cases, there is no a priori information specify-
ing the target waveform characteristics to search for. On 
the other hand, the state-of-the-art high-performance 
seismic event detectors, like the template matching 
method (Ross et  al. 2019), supervised machine learning 
methods (Perol et al. 2018), or some of the unsupervised 
machine learning methods (Yoon et al. 2015) need a pri-
ori estimates regarding the target waveform characteris-
tics for training the algorithms.

In this work, first, we introduce a new detection 
routine in MATLAB called Adaptive 6-Dimensional 
Floating-search Multi-station Seismic-event Detector 
(A6-DFMSD) which does not require a priori knowl-
edge of the target waveforms. To search for matching 
detections at neighbouring recording stations, it uses a 
homogeneous or, in the best cases, a 1-D layered veloc-
ity model, to find a detection model. Second, we evaluate 
the performance of A6-DFMSD by analysing a challeng-
ing seismological dataset. The test dataset includes five 
months of continuous recordings from the East Eifel 
Volcanic Field (EEVF), Germany, where earthquake sig-
nals of both tectonic and magmatic origins have been 
reported (Hensch et  al. 2019). Subsequently, we manu-
ally pick the identified phases, localize and classify the 
detected events and compare them with the published 
event catalogues of two local seismological surveys 
(state seismological service of Rhineland-Palatinate and 
Bensberg Observatory, University of Cologne 2023) that 
monitor seismic activity in the region. We also compare 
our results with an internal event list provided by Hensch 
et  al. (2019) which is focused on deep low-frequency 
(DLF) events in the EEVF. A comparison of the perfor-
mance is provided regarding the detection of DLF events 
with the same test dataset between A6-DFMSD and the 
STA/LTA method (Allen 1978; Trnkoczy 2009) after tun-
ing its parameters to DLF events.

Previous seismological and geodynamic studies on the 
EEVF (Fig. 1) suggested a deep-seated mantle plume sys-
tem (Ritter et al. 2001; Ritter 2007; Kreemer et al. 2020) 
and a long-lived magma chamber beneath the Laacher 
See volcano (Wörner and Wright 1984; Schmitt et  al. 
2010) where the last big eruption occurred about 13 ky 
ago (Schmincke et al. 1983; Reinig et al. 2021). After the 
detection of the first two DLF events at depths of 40 km 

and 43 km on 18th and 22nd in Sep. 2013 (Stange et al. 
2014), monitoring of the seismicity in the EEVF became 
an important scientific subject. To investigate microseis-
mic activity in the region more closely, especially regard-
ing DLF events, several temporal seismic stations were 
installed in between the few existing permanent stations 
in the region. This seismological experiment is called 
Deep Eifel Earthquakes Project - Tiefe Eifel Erdbeben 
(DEEP-TEE) and started in July 2014 (Ritter et al. 2024). 
Up to now, the DEEP-TEE seismic dataset contains 
almost ten years of continuous seismic records (more 
than 2.4 terabytes in volume) and the network has been 
reconfigured and continuously improved to achieve an 
optimum configuration regarding detection and location 
of seismic events.

Detection of LF events is more challenging than detec-
tion of tectonic events, because of their waveform com-
plexity, diversity and often low signal-to-noise ratio. 
Although the observation of LF waveforms in records 
from volcanic areas can be related to the strong attenu-
ation of the signals in the subsurface (Bean et al. 2014), 
this is not the case for the deep LF (DLF) events observed 
in EEVF. Here the corner frequency of the deeper LF 
events is often higher than for the shallower LF events 
(Hensch et al. 2019). This observation of higher frequen-
cies from larger depths indicates that the unusual low fre-
quencies of DLF earthquakes are not caused by any filter 
effects between source and receiver, e.g., due to shallow 
low velocity zones such as fluid reservoirs (Hensch et al. 
2019). Anyhow, we use the frequency content as param-
eter for the detection.

In volcanic regions, the origin of LF events has been 
attributed to the growth and possibly resonance of fluid-
filled cavities (Aki et  al. 1977; Aki and Koyanagi 1981). 
Further modelling and numerical studies are reported 
in Neuberg et  al. (2000). Waveform characteristics and 
spectral content of these signals depend on the source 
geometry, the location where the crack nucleates, and 
the acoustic properties of the fluid or embedding rocks. 
As a consequence, waveforms of these signals are more 
complex than those from purely tectonic sources. LF 
events in the EEVF occur in a wide depth range from 
ca. 8–43 km, whereas tectonic events in this region have 
only a source depth between ca. 3–15 km (Hensch et al. 
2019). Below, we label as DLF those LF events whose 
sources are below the Moho (deeper than 29  km). The 
wide depth range spanned by the LF events in the EEVF 
influences and increases the waveform diversity: there 
is a large variability in S-P phase arrival times and often 
the phases (specially the P-phases) are strongly attenu-
ated. Another factor, which is important regarding 
detection of the LF events, is the low magnitude of the 
events. In the EEVF the known LF events have very weak 
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magnitudes between 0.4 ML and 1.3 ML, except for two 
events with 1.7 ML and 1.8 ML. The related low-ampli-
tude phases make the detection harder, especially during 
the day time when anthropogenic noise level increases 
strongly in the EEVF. Due to this background, the idea 
behind A6-DFMSD is to develop a robust search method 
which can cope with a wide frequency band, waveform 
diversity, and low phase amplitudes without the need for 
a priori waveform information.

In the next section, we explain the technical side of the 
method A6-DFMSD in accordance with the flow dia-
gram in Fig. 2. Later in the discussion section we expand 
on the advantages, limitations and the capabilities of the 
method. A user manual of the detector is also provided 
besides the codes in GitHub (https://​github.​com/​Koush​
esh/​A6-​DFMSD/​tree/​master) as the Supplementary 
file to explain more details. Since the codes are written 
in MATLAB, Signal Processing and Statistics Toolboxes 
are required to be installed in advance. The abbreviations 
used in this paper are listed alphabetically in Table 1.

Method and parameterization
A6-DFMSD method and its philosophy are explained in 
the following subsections and Fig. 2:

–	 Input Parameters.
–	 Configuration of the Detection Model (CDM step).
–	 Detection Field preparation (DF preparation).
–	 Single Station Detection (SSD step).
–	 Multi-Station Detection (MSD step).

Input parameters
A6-DFMSD is designed to detect the seismic signals 
which originate from a predefined seismic target zone 
(e.g., a volcanic field) and which are recorded by a local 

seismological network. For this reason, in addition to the 
three continuous seismic velocity records (Z: vertical, N: 
north-south, E: east-west), the following information is 
needed to construct a detection model:

(a)	 coordinates and codes of the seismological stations,
(b)	 a simple (homogeneous or layered) 1-D P- and/or 

S-wave seismic velocity model,
(c)	 a center location, a radius length for a target area, 

an upper and a lower depth for determining the 
event locations inside the target area. These data 
define a cylindric geometry of the target zone.

Configuration of detection model (CDM step)
A6-DFMSD uses the input information to construct a 
model and generates some outputs which later are used 
in DF preparation and MSD steps. The CDM step con-
sists of the following sub-steps:

(a)	 Defining the upper and lower sides of a seismic tar-
get zone: synthetic source positions are distributed 
inside the circular bottom and top sides of a cylin-
dric target zone, to cover the shortest and the long-
est raypaths. Figure  3a provides an exemplary top 
view of distributed synthetic source positions which 
are the same as in the application of this study (see 
Sect. on Test example and results).

(b)	 Calculating the P- and S-phase travel times (Tp and 
Ts, respectively) for each individual combination of 
the synthetic sources and the recording stations: 
the local 1-D seismic P- and S-wave seismic veloc-
ity models, the synthetic source positions, the posi-
tions of the seismological stations and Snell’s law 
are used for the ray path approximation.

(c)	 Obtaining sets of time limits for the search coher-
encies based on the potential travel times between 
the recording stations and possible source loca-
tions: these time limits are used in the MSD step 
when the seismic signals, which originate from the 
target zone, are discriminated from signals with 
source locations outside the target zone. In this 
part, A6-DFMSD calculates the relative difference 
in arrival time of the seismic phases between each 
pair of stations considering each synthetic source. 
Figure 3b and c, visualize these (exact-) time limits 
in dark blue and dark red bars for recording sta-
tions DEP02 and ABH, respectively. There, the light 
blue and light red bars indicate the exact-time lim-
its after rounding up in respect with the window 
length “minStatisDur” explained in the second next 
paragraph (sub-step (e)). The detector takes the 
rounded-time limits instead of the exact-time limits 
while searching coherencies. This prevents to miss 

Table 1  The alphabetically sorted abbreviation list

Abbreviation Meaning

6-DFF 6-Dimensional Floating-search Frame

A6-DFMSD Adaptive 6-Dimensional Floating-search Multi-
station Seismic-event Detector

CDM Configuration of the Detection Model

DEEP-TEE Deep Eifel Earthquakes Project - Tiefe Eifel Erdbeben

DF Detection Field

DLF Deep Low-Frequency

EEVF East Eifel Volcanic Field

LF Low-Frequency

MSD Multi-Station Detection

SSD Single Station Detection

STA/LTA Short Time Average/Long Time Average amplitude

https://github.com/Koushesh/A6-DFMSD/tree/master
https://github.com/Koushesh/A6-DFMSD/tree/master
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the detection of the events at the edges of the time 
limits.

(d)	 For each station, the four closest stations are deter-
mined: this information is used to limit the search 
for coherencies in space in the MSD step. Figure 4a 
shows how the stations are grouped for the test 
example in this study.

(e)	 Estimation of an optimum time window (called 
”minStatisDur”) for windowing seismic traces: 
minStatisDur is obtained by a statistical approach 
to estimate the typical half signal duration of the 
microearthquakes which are supposed to occur 
inside the target zone and are recorded at the seis-
mological network.

Detection field preparation (DF preparation)
In A6-DFMSD, the distribution of recorded energy 
around the signal anomalies is taken as an attribute for 
searching coherencies. This is especially helpful to search 
for frequency-dependent signals, e.g., such as LF mag-
matic tremor. This part provides basic information to 
analyse the distribution of the recorded energy in differ-
ent frequency ranges (here called signal classes). Such 
frequency-dependent signal classes are helpful for the 
detection of different type of signals with different fre-
quency contents observed in volcanic regions (Chouet 
1988; Neuberg 2011; Naofumi et al. 2013). For this pur-
pose, each component of the continuous velocity records 
is decomposed into 29 narrow frequency bands (with a 
width of 1-Hz in our application) spanning the frequency 
range 1–30 Hz (Fig. 5b, c and d). We verify that choos-
ing a narrower band width than 1-Hz adds artifacts to 
the data specially to the lower frequency part. Choos-
ing a wider band width reduces the sensitivity of the 
method in extracting features of the signal anomalies. 
Following Eq. 1, the narrow-band seismic velocity traces 
are then converted to energy-proportional (E*) narrow 
band traces. There, for each sample i of each narrow 
band j (with j running from 1 to 29) E*is obtained by the 
summation:

where Z, N and E are seismic velocity records of the 
three components of ground motion (Fig.  5e). The 
energy-proportional narrow bands are the unified meas-
ures of the ground motion. With this summation the 
whole recordable energy of the signals in each frequency 
band is taken into account. This prevents to miss the 
detection of polarized seismic signals.

In the next step, the energy-proportional narrow bands 
(E*

j) are windowed (Fig. 5f ). By windowing, we mean par-
titioning the data with a constant window length (routine 

(1)E∗

j,i = Z2
j,i + N 2

j,i + E2
j,i

minStatisDur) in the time domain and then taking the 
mean value of each partition for further analysis. The 
value for ”minStatisDur” is obtained in the CDM step 
(see Sect. on CDM step). As results of this procedure, we 
obtain 29 windowed energy-proportional narrow bands 
called Detection Fields (DFs). The DF of each narrow 
band is indexed by j (DFj).

Single station detection (SSD step)
For each recording station, signal anomalies are detected 
independently in different frequency ranges called signal 
classes. Each signal class is defined by two values denot-
ing the upper and lower corner frequency of a desired 
frequency range in Hz. Depending on the corner fre-
quencies of the signal classes, each signal class contains 
a bunch of certain DFs (Fig.  5f ). A signal anomaly is 
detected when the signal to noise ratios exceed certain 
thresholds at all the DFs of a signal class. Similar to the 
STA/LTA (short / long time average amplitude) algorithm 
(Allen 1978), the threshold values vary depending on the 
amplitude value of each sample. For each sample i of a 
DF, a threshold is defined by the mean value of the ampli-
tudes of the three samples before sample i (reference 
samples or noise part) plus the absolute mean deviation 
of the amplitudes of the reference samples multiplied by 
0.7 (an empirical constant). This empirical constant can 
be varied to adjust the sensitivity of the detection.

As an example, in Fig.  5g, the detection of a signal 
anomaly in a signal class is presented (signal class 6 
among the total 11 predefined signal classes). Based on 
the detector logic, sample i (red dot) is detected as a 
signal anomaly, because the amplitude values at sample 
i have a higher value than the defined thresholds (blue 
dashed lines) at all DFs of the signal class. In Fig.  5 the 
reference samples are shown by the green dots right 
before the sample i.

For each signal anomaly, which is detected in a signal 
class, a unique set of six parameter values is saved as the 
labels of the signal anomaly. These six parameter values 
are:

–	 station code: implicitly, the latitude and longitude of 
the station location.

–	 sample number (i) of the detection point: represent-
ing the detection time.

–	 signal class (n): which is defined by the upper corner 
(j2) and the lower corner (j1) of a frequency range in 
Hz.

–	 variation coefficient (Λ) of the DFs at the detection 
point i in the signal class n: this is obtained from Eq. 2 
and implicitly represents the distribution status of the 
recorded energy at the point of detection in the cor-
responding signal class. Λ is indeed equal to standard 
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deviation of the DFs amplitudes in the signal class n 
at the detection point i, divided by mean value of the 
DFs amplitudes (µ) in the same signal class n and at 
the same detection point i. The µn, i used in Eq. 2 is 
obtained by Eq. 3.

- a value called ”sigClasPower (Γ)”: which implicitly 
represents the amplitude ratio of the recorded energy in 
the signal class n at the detection point i relative to the 
reference samples (noise part). Γ is obtained from Eq. 4. 
It is equal to the result of the division of two values: the 
numerator is the mean value of the DFs amplitudes in 
the signal class n at the detection point i (µn, i ) minus the 
mean value of the DFs amplitudes of the reference sam-
ples (in Fig. 5h, this is equal to the length of the red line), 
and the denominator is the mean absolute deviation of 
the mean values of the DFs amplitudes of the reference 
samples (in Fig. 5h, this is equal to the length of the blue 
line). Mn, i which is used in Eq.  4, is obtained by Eq.  5 
and is equal to the average of the mean value of the DFs 
amplitudes of the reference samples of detection point i 
in the signal class n.

Multi‑station detection (MSD step)
A signal anomaly detected at a station is listed as an event 
only if a certain number of coherent signal anomalies are 
found at other stations. This is similar to the phase asso-
ciation part in other known techniques. Here searching 
coherent signal anomalies is done by applying a 6-Dimen-
sional Floating-search Frame (6-DFF). Depending on the 
labels of each signal anomaly (the unique set of six val-
ues), 6-DFF sets specific search ranges and limits accord-
ingly. In this way, labels of each signal anomaly are taken 
as reference, based on the content of the reference labels 
(we use the phrase ”reference labels” to indicate labels of 
the signal anomaly which are taken as reference):

(2)Λ n,i =

1

j2−j1+1

j2
j=j1

DFj,i − µ n,i
2

µ n,i

(3)µ n,i =
1

j2 − j1 + 1

∑ j2

j=j1
DFj,i

(4)n,i =
µ n,i −Mn,i

1
3

∑ i−1
i=i−3µ n,i −Mn,i

(5)Mn,i =
1

3

∑ i−1

i=i−3
µ n,i

a)	 the coherency search in space is limited to the four 
closest stations (called ”orbit stations”). This supports 
the principle that the direct waves of the local events 
arrive earlier at stations closer to the source than at 
the more distant ones. As a result of applying such a 
coherency search limit in space, the number of false 
detections was remarkably reduced in our tests.

b)	 the coherency search in time is limited to a certain 
time window around the time sample in the refer-
ence label. The time window limits are unique and 
differ from station to station depending on the rela-
tive position of the reference and orbit stations in 
relation with the position of the target zone. The time 
and space limits, which are applied in this step, are 
already determined in the CDM step.

c)	 the coherency search in a signal class is limited to the 
corresponding signal class of the reference label.

d)	 the coherency search in sigClasPower (Γ) is limited to 
the labels having a sigClasPower value more than 2.

e)	 the coherency search with a variation coefficient (Λ) 
for DFs is limited to a border value around the varia-
tion coefficient of the DFs of the reference label. This 
border value (b) is obtained by empirical Eqs. (6) and 
(7):

a in Eq.  6 is a constant which can take a minimum 
value of 2.7. Following our test runs to minimize the ratio 
of false detections to the total number of detections, we 
found values 2.7 and 2.9 are suitable choices for a when 
the upper border of the target zones is 3 km depth and 
30  km depth, respectively. The parameters c and d in 
Eq.  7 are constant values and after trial and error, we 
found the best values to be 0.306 and 0.113, respectively, 
to minimize the ratio of false detections to the total num-
ber of detections. This may differ for other applications.

In Eq. 6, the coherency search gets a wider border when 
Λ at the reference label has smaller values. In contrast, in 
Eq. 7 the coherency search gets a wider border when Λ at 
the reference label has bigger values. The borders deter-
mined by Eq. 6 are suitable for the detection of the sig-
nals which have less fluctuations in the amplitude of their 
frequency spectra around their dominant frequencies. 
This was the case for tectonic-type events in our study. 
In contrast, the borders determined by Eq.  7 are suit-
able for detection of the signals which have large fluctua-
tions in the amplitude of their frequency spectra around 

(6)b(�) = 1.6
−(�+a)

(7)b(�) = c × � + d
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their dominant frequencies, like LF type events. Further 
explanations are provided in the Supplementary file 
(Sect. 1.5.2: Eqs. 6 and 7 and, Figs. S5 and S6). Figure 4b 
shows the relationship between b and Λ while detecting 
events in different signal classes in the differently defined 
seismic target zones in our test example.

Following a) – e), if two or more coherent signal anom-
alies are found at other stations (while passing through 
all the above 6-DFF conditions), the routine accepts the 
referenced signal anomaly as an event which originated 
from the seismic target zone. It is then written into the 
detection list. The detection list contains the following 
information regarding each detection:

–	 date, arrival time and duration of the event in UTC.
–	 codes of the stations having coherent labels.
–	 the signal class of the reference label.

While manually checking the detection outputs, the 
two latter information helps users to select events based 
on their dominant frequeancy content and/or based on 
the stations where the signal of the event was detected.

Test example and results
We apply the A6-DFMSD routine to study a period 
with microseismicity in the EEVF (Fig. 1). We select 5 
months (October 1, 2017 - February 28, 2018) of con-
tinuous seismic records of the DEEP-TEE recording 
stations. In this time period, the recording equipment 
consisted of four broad-band STS2 (120  s) sensors 
and one short period Lennartz 3-D (1 s) at the mobile 
recording stations. At the permanent stations one 
Nanometrics sensor (Trillium Compact 120  s), one 
STS2, and seven short period sensors (1  s) including 
Mark L4 and LE3-D sensors were used. There were 
strongly varying noise conditions, because of traffic 

Fig. 1  Location of the Quaternary East and West Eifel Volcanic Fields (EEVF, WEVF, reddish areas) with the seismological stations of the DEEP-TEE 
experiment. Green symbols indicate permanent recording stations (BB: broadband, SP: short-period), blue symbols are temporary stations; a red dot 
indicates stations used in this study. NWB: Neuwied Basin. The inset shows the position of the study region (square) in Germany
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Fig. 2  Overview on the major steps of A6-DFMSD: Inputs, Configuration of the Detection Model (CDM step), Detection Field preparation (DF 
preparation), Single Station Detection (SSD step), and Multi-Station Detection (MSD step)

Fig. 3  Configuration of a detection model (CDM step) in association with the test example in the EEVF (Fig. 1). a station locations and top 
view of the seismic target zone considered in this study. Each small blue dot is considered as a seismic source and the travel times for the first 
P- and S- phase arrivals are calculated for each source-station pair. b subset of calculations to find the station-wise detection limits in the time 
domain. It is indicated how long before (in light blue) and/or after (in light red) the detection of a seismic phase at station DEP02 the routine 
searches for coherent seismic signals in the records of the other stations. c the same b), but here the time differences are obtained relative 
to the recording station ABH. Note: in b) and c) the dark blue and dark red bars denote the exact-time limits, and the light blue and light red bars 
indicate the exact-time limits after rounding up in respect with the window length “minStatisDur”
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and industrial activity (Ritter et al. 2024). Table 2 lists 
the properties of the DEEP-TEE recording stations in 
more details plus the missing data status for each sta-
tion within the five-month long selected time period.

To assess the performance of A6-DFMSD regarding 
the detection of DLF events, we compare the results of 
A6-DFMSD with the results of the STA/LTA routine 
(Allen 1978). The events detected by both methods are 
checked by a visual inspection of the waveforms, then 
they are manually localized and classified (as DLF, tec-
tonic etc.) according to their waveform properties. We 
use the minimum 1-D layered velocity models KIT5 for 
vp and vs. (Ritter et al. 2024) and the routine VELEST 
(Kissling et al. 1994) to localize the events with at least 
six picked seismic phases. To check whether the events 

detected with A6-DFMSD are newly discovered events 
(or not) in comparison with the published local seis-
micity catalogues, we also cross-check each event with 
the event catalogues provided by the state seismologi-
cal service of Rhineland-Palatinate (2023) and Bensberg 
Observatory, University of Cologne (2023). Both insti-
tutions regularly monitor and report seismic activity in 
the study region. In addition, an internal event list from 
Hensch et al. (2019) is used which specifically lists DLF 
earthquakes of magmatic origin. Since A6-DFMSD is 
configured to detect events from a certain seismic tar-
get region, we summarize the final results in association 
with this target region. In the two following sections, 
we explain how the parameters for both A6-DFMSD 
and STA/LTA method are chosen, afterwards we 

Fig. 4  a Station locations and their mutual relationships while searching and connecting coherent signals in the Multi-Station Detection step (MSD 
step). For each station, the coherency search is limited to a radial distance in which only the four closest stations are involved. Here, each station 
is plotted with a specific color and the corresponding four nearest stations are linked to it with the same color, (b) during the MSD step, vicinities 
for the coherency search for the variation coefficient of the DFs are determined using empirical Eqs. (6) and (7). Here this relationship is plotted 
in blue (dark and light) for Eq. (6), and in red for Eq. (7). The dark blue line shows this relationship while searching for tectonic and volcano-tectonic 
events (signal classes higher than 3) in the shallower zone (3–30 km depth), and the light blue line shows this relationship for the detection 
of possible events in the deeper zone (30–50 km depth). The red line indicates this relationship while searching for LF events (signal classes 
less than 4, see Sect. on SSD step) in both seismic target zones

Fig. 5  Examples for Detection Field preparation (DF preparation) and Single Station Detection step (SSD step). a three-component 
band-pass filtered (1–30 Hz) ground motion velocity of a microearthquake recorded at station AHRW, b), c), and d) decomposition of each 
component Z, N, and E by filtering with 29 1-Hz-wide frequency bands, e) conversion of the ground motion velocity in each frequency band 
into energy-proportional narrow bands following Eq. (1), f) traces in e) are windowed to prepare the Detection Fields (DFs), g) detection status 
of a signal anomaly at the sample i in the signal class n = 6 is shown. The red dot (sample i) is detected as a signal anomaly because the amplitude 
values at sample i have a higher value than the specific thresholds defined by reference samples (three green dots). The bold line is the stack of DFs 
of the signal class 6 (DFs from DF8 to DF16), h) close-up view of the stacked trace in g). Value of sigClasPower (Γ6,i) at sample i in signal class n = 6 
can be illustrated as ratio of the length of the red line to the blue line. The technique used for detecting signal anomalies (g and h) is partly similar 
to the STA/LTA method with a very sharp criterium (window length in the LTA part is only three times longer than in the STA part)

(See figure on next page.)
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Fig. 5  (See legend on previous page.)



Page 10 of 21Koushesh and Ritter ﻿Journal of Applied Volcanology            (2024) 13:9 

explain the summarized results in Tables 4 and 5, where 
A6-DFMSD is compared with the three local seismicity 
catalogues and with STA/LTA results, respectively.

A6‑DFMSD parameter setting
Concerning the variety of the observed signals in the 
EEVF (Hensch et  al. 2019), we adapt the control file of 
A6-DFMSD to search for a wide range of signals. It cov-
ers the frequency ranges typical for the observed DLF 
events (ca. 1–8  Hz) and of the tectonic microseismic 
events (> 10 Hz) by considering eleven frequency ranges 
as a part of the search limits (eleven signal classes). The 
lower and higher frequency borders of these eleven signal 
classes (1–11) are: [1 5] Hz, [2 7] Hz, [3 9] Hz, [4 11] Hz, 
[6 14] Hz, [8 17] Hz, [10 20] Hz, [12 23] Hz, [13 25] Hz, 
[15 28] Hz, and [16 30] Hz. We set the centre of the seis-
mic target region to the midpoint between the epicentral 
area of the 75 reported DLF events (Hensch et al. 2019) 
and the centre of the Laacher See crater (Fig. 1), with a 
radius of 25 km (Fig. 3a). The control file parameters are 
adjusted to search for events which possibly occur in two 
different depth zones: zone 1 is limited between 3 km and 
30  km depth and zone 2 is limited between 30  km and 
50 km depth.

STA/LTA parameter setting
The STA/LTA parameters are tuned to reach the most 
appropriate performance regarding the detection of 
the DLF events, because these are the main goal of our 
research study. In this regard, concerning the seismic 
noise conditions, at first, we select the eight quietest and 

closest recording stations to the target region out of the 
total of 14 available stations in the DEEP-TEE dataset. 
The noise level conditions were determined with a proba-
bilistic power spectral density analysis (Ritter et al. 2024). 
Since the DLF events of the EEVF have a dominant fre-
quency range of 1–8 Hz (Hensch et al. 2019), we filter the 
recordings in the same frequency range with a band-pass 
filter before using STA/LTA detector. Then, as input for 
STA/LTA, the band-passed filtered records of each sta-
tion are converted to the energy-proportional records 
using Eq.  1. The results of the station-wise STA/LTA 
detections are then collected into one detection list and 
compared within a 7 s time window for coincident detec-
tion. We choose a time length of 7 s in accordance with 
the observation of the typical DLF events in EEVF. After 
testing different sets of STA/LTA parameters, we select 
the most appropriate ones (Table 3) for which the num-
ber of false detections reaches a minimum while none of 
the DLF events is missed which are listed in the outputs 
of A6-DFMSD and in the local seismicity catalogues.

Table 2  The DEEP-TEE recording stations used in this study. The column indicated by “Missing” gives the number of the days without 
data. The column indicated by STA/LTA marks the stations used in STA/LTA test by a “+” and the not used by a “-“

Network Station 
code

Lat.
in degrees

Lon.
in degrees

Elev.
in m

Sensor type Sampling rate
in Hz

Missing Data
in days

STA/LTA

KB.DEP02 50.4181 7.3181 310 STS-2 120 s 100 0 +

KB.DEP04 50.1509 7.0550 455 STS-2 120 s 100 0 +

KB.DEP07 50.1556 7.5312 428 LE-3D 1 s 100 0 +

KB.DEP10 50.4208 7.5865 164 STS-2 120 s 100 0 -

KB.DEP12 50.5447 7.4337 295 STS-2 120 s 100 0 +

LE.OCHT 50.3387 7.3575 140 LE-3D 1 s 100 0 +

LE.LAGB 50.3608 7.1007 372 Trillium 120 s 100 0 +

LE.FSH 50.0760 7.1090 350 LE-3D 1 s 100 59 -

LE.ABH 49.8820 7.5480 618 Mark L4 1 s 100 0 -

LE.FACH 50.3563 7.9938 110 LE-3D 1 s 100 0 -

LE.BIW 50.7308 7.8373 310 LE-3D 1 s 100 23 -

GR.AHRW 50.5419 7.0760 180 STS-2 120 s 100 17 +

NH.BHE 50.3530 7.1800 290 Mark L4 1 s 200 0 +

NH.TDN 50.5750 6.9450 350 Mark L4 1 s 200 0 -

Table 3  STA/LTA parameters for detecting DLF events

Parameter Choice

STA window length in s 2

LTA window length in s 15

Triggering STA/LTA threshold 2

Detriggering STA/LTA threshold 1.5

Time window for clustering events for an integrated detection 
list in s

7
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Detection summary
Table  4  shows the results of A6-DFMSD in comparison 
with the merged three menioned seismicity catalogues. 
We provide two sets of results for comparison. One is 
generated in a high sensitive mode and another one in a 
low sensitive mode for the detection of DLF events. In the 
high sensitive mode, we select a subset of the events in 
the detection lists that are detected by at least six stations 
out of a total of 14 stations. In the low sensitive mode, 
we select a subset of the events in the detection lists that 
are detected by at least seven stations out of 14 stations. 
For both modes, while searching DLF events within the 
detection lists of A6-DFMSD, we only select the event 
list corresponding to the target depth of 30–50 km (zone 
2) and the events whose initial frequency classes are 
labelled between 1 and 3, covering the frequency range 
1–9 Hz. To select tectonic events and possibly volcano-
tectonic events, we take detections from both depth 
zones, 3–30  km and 30–50  km. Since volcano-tectonic 
type of events had never been reported in EEVF, we find 
it worthful searching this type of event in both ranges 
of depths in target region. To account for the higher 
frequencies of tectonic and possibly volcano-tectonic 
earthquakes compared to magmatic events (Hensch et al. 
2019) we selected the detections with initial frequency 
classes between 4 and 11, covering the frequency range 
4–30 Hz. In addition, we select that part of the detection 
lists in which the events are detected by at least five sta-
tions out of 14 stations. This selection, which is the result 
of some trial-and-error testing, controls the efficiency 
of the work regarding the ratio of false detections to the 
total number of detections. The outputs are analysed into 
two main categories: events inside and events outside of 
the target region.

As summarized in Table  4  and as far as the informa-
tion of the public event catalogues allows, in general 

A6-DFMSD detects about 4 times more natural events 
which can be classified by their source type as DLF, tec-
tonic and volcano-tectonic events. In Sect. on Event clas-
sification, we explain the characteristics of each type of 
the observed events in more detail. Comparing detection 
results of the high sensitive mode with the low sensitive 
mode shows a minor difference in quantity. Relative to 
the low sensitive mode we get 13% more events and 33% 
more false detections in the high sensitive mode.

With DLF event detection as a target, the low sensi-
tive mode misses one DLF event which might be impor-
tant for observatories. In Fig. 6a and b, seismicity maps 
of the target region are plotted before and after applying 
A6-DFMSD. Numbers of both, tectonic and DLF events, 
increase using A6-DFMSD. Especially, the increase of 
detected DLF events is important, since they are hard 
to find and their occurrence is a unique feature in Cen-
tral Europe especially below the Moho at more than 
29–30 km depth (Hensch et al. 2019). In addition, a new 
cluster of tectonic activity appears which has not been 
reported yet. This cluster of events is located around 50.3 
°N, 7.3 °E (close to the village Polch) and it is highlighted 
by an orange circle in the map (Fig. 6b).

In Table 5, we compare the results of A6-DFMSD with 
the STA/LTA method. Here, we focus on the perfor-
mance of the methods in detection of DLF events. For 
each method we provide two sets of outputs: the high 
sensitive and the low sensitive sets. For comparison of 
the methods, first, we investigate which output sets are 
generated in a higher efficiency and then compare the 
most efficient sets with each other. For the STA/LTA 
method, the first output set (A) is the high sensitive set 
and includes the events that are detected by at least five 
stations out of the eight chosen stations. The second out-
put set (B) is the low sensitive set and includes the events 
that are detected by at least six stations out of the eight 

Table 4  Comparing the events in a merged list of three local seismicity catalogues with the detection results of A6-DFMSD. Here, 
A6-DFMSD is adjusted to detect all type of events

Event Type Merged 3-Catalogues A6-DFMSD

high sensitive mode low 
sensitive 
mode

Inside the target region DLF 3 13 12

quarry blast -- 111 107

tectonic 85 364 364

volcano-tectonic 0 1 1

Outside the target region quarry blast or tectonic not comparable 1153 1046

Number of false detections -- 606 456

Total number of detections -- 2248 1986

Ratio of false detections to total number of detections -- 27% 23%
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chosen stations. For A6-DFMSD, the first output set (A´) 
is the high sensitive set and includes the events that are 
detected at least by six stations out of all the 14 available 
stations. The second output set (B´) is the low sensitive 
set and includes the events that are detected by at least 
seven stations out of all the 14 available stations. Simi-
lar to Table 4, we select the events from the A6- DFMSD 
detection list which are generated for the target depth of 

30–50 km and events whose initial frequency classes are 
labelled between 1 and 3, covering the frequency range of 
1–9 Hz.

Comparison of set A with set B
Considering the goal of detection, which is on DLF 
events inside the seismic target zone, the  major dif-
ference is in connection with the number of tectonic 

Table 5  Comparing the detection results of STA/LTA with A6-DFMSD. Parameters of both methods are adjusted for detecting DLF 
events. Set A: detections by at least five out of eight chosen stations, set B: detections by at least six out of eight chosen stations, set A´: 
detections by at least six out of 14 available stations, set B´: detections by at least seven out of 14 available stations

Event Type STA/LTA A6-DFMSD

set A set B set A´ set B´

Inside the target region DLF 13 12 13 12

quarry blast 101 84 98 94

tectonic 81 46 3 3

Volcano-tectonic 0 0 0 0

Outside the target region quarry blast or tectonic 836 354 829 722

Number of false detections 840 103 227 80

Total number of detections 1871 599 1170 911

Ratio of false detections to total number of detections 45% 17% 19% 9%

Fig. 6  Seismicity map of the East Eifel Volcanic Field (EEVF) for the period between 1 Oct. 2017 and 28 Feb. 2018. a), b) and c) hypocenters of 88 
microearthquakes known before applying A6-DFMSD. These events are already listed at least by one of the local seismological services: state 
seismological service of Rhineland-Palatinate (2023), Bensberg Observatory, University of Cologne (2023) or by Hensch et al. (2019). d), e) and f ) 
hypocenters of 378 microearthquakes detected after applying A6-DFMSD. The green line shows the trend of the active Ochtendung fault zone, 
and the orange circle indicates the location of a newly discovered seismic cluster near the village Polch. Note: ten new DLF events (in purple) were 
discovered in the uppermost mantle
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events (as unwanted type of detected event) and number 
of false detections. The results show that the high sensi-
tive set (set A) includes 1.8 times more tectonic events 
along with 8.1 times more false detections relative to the 
low sensitive set (set B). This suggests that the low sen-
sitive mode detects DLF events in a more efficient way 
using STA/LTA.

Comparison of set A´ with set B´
with the same criterium used for comparison of set A 
with set B, the only major difference between sets A´ and 
B´ is concerning the number of false detections. The high 
sensitive set (set A´) includes 2.8 times more false detec-
tions relative to the low sensitive set (set B´). This sug-
gests that the low sensitive mode detects DLF events in a 
more efficient way using A6-DFMSD.

Comparison of set B with set B´
in both sets the same number of DLF events are detected. 
Set B, generated by STA/LTA, contains 1.3 times more 
false detections than set B´ generated by A6-DFMSD. 
Although the goal of both methods is the detection of 
DLF events, in set B 46 tectonic events are found which 
is 15.3 times more than in set B´. This shows how the 
designed automatic classification by A6-DFMSD filters 
out irrelevant types of events, as far as the dominant fre-
quency of the events is located in a specific band of the 
frequency spectra. The total number of quarry blasts 
inside the target region in set B (84) and set B´ (94) is 
in the same order for both methods but the number of 
quarry blast / tectonic events outside the target region 
is 2 times more in set B´ compared to set B. Since these 
types of events have similar characteristics with DLF 
events, partly in the time domain (waveforms) and 
mostly in the frequency domain, an increase in detection 
of them is reasonable and predictable. This may be inter-
preted as higher sensitivity for detection of DLF events 
by A6-DFMSD in comparison with STA/LTA. Compar-
ing the ratio of false detections to the total number of 
detections indicates that A6-DFMSD with set B´ (9%) is 
1.9 times more efficient than STA/LTA with set B (17%), 
with respect to detection of all meaningful type of events 
(even while both methods are tuned for the detection of 
DLF events of a certain seismic target zone). 52% of false 
detections in set B and 23% of false detections in set B´ 
are multiple detections of same event (false positives).

Event classification
In the framework of the test example and in accordance 
with the definitions by Malfante et  al. (2018), Wasser-
mann (2012) and Neuberg (2011), we manually classify 
the detected natural microseismic events of the seismic 
target region. Figure  7 summarizes the typical events 

detected during the five months of analysis by provid-
ing records of the vertical components of the events plus 
their corresponding spectrograms. Below in the discus-
sion section, we present more observations regarding 
a diverse set of signals detected by A6-DFMSD while 
applying it on the DEEP-TEE dataset within a longer time 
period than for the test example.

Tectonic events
the frequency content in the ground motion veloc-
ity records of these signals is limited between 5 Hz and 
40  Hz. The waveforms contain clear P- and S-phases 
highly affected by the double couple source mechanisms. 
As a general property, the duration of the signals and 
dominant frequency content in this event class are con-
trolled by the magnitude of the event. A larger magni-
tude leads to a wider frequency content including lower 
frequencies and a longer duration of the signal. In some 
cases, we observed a longer signal duration of the tec-
tonic events which is not only controlled by the magni-
tude but also by the source activity rate. In such cases, 
several tectonic-type events occurred within a short time 
window in such a way that phases of the first event are 
partly or completely covered by the phases of the sec-
ond event and so on. The detected microseismic tec-
tonic events, within the five months study period, had a 
minimum signal duration of less than 10 s at the surface 
considering the closest recording station to the epicen-
tre ~ 5 km (Fig. 7a and b).

Volcano‑tectonic events
the frequency content in the velocity records of this type 
of signals is limited between 4 Hz and 15 Hz. The wave-
forms contain clear P- and S-phases affected by a kind of 
radiation pattern (observations from different station-
source back azimuths show different phase amplitudes 
and polarity). It is noticeable that, within the time period 
of the test example, only one event (Fig.  7c) could be 
found in this class. The observation of only a single vol-
cano-tectonic (VT) event is in the contrast with the defi-
nition suggested by Wassermann (2012), where deep VT 
events are characterized by their frequent occurrence as 
swarms. The source of our VT event is located at a depth 
of 9.4 km with an epicentre close to the one of the CO2 
gas emission points (Gal et  al. 2011) in the region. The 
minimum signal duration recorded on the surface is less 
than 10  s. This event was only detected by A6-DFMSD 
and was not listed in the three local seismological 
catalogues.

Low‑frequency events (LF)
in general, LF events in the EEVF are quite diverse and 
their frequency content is mostly between 1  Hz and 
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10 Hz. However, the higher frequency part of the signals 
has much smaller amplitudes than the lower frequency 
part. For this reason, we assign the LF class to this type 
of signals rather than other existing defined classes (e.g., 
hybrid). Most of the LF events are characterized by emer-
gent phase arrivals and a much longer coda compared 
to the tectonic earthquake recordings, that is possi-
bly due to the source mechanism of oscillating fluids in 
a crack (e.g., Chouet 1988; Neuberg et  al. 2000). Except 
for a few sequences with a high source activity rate and 
hence overlapping waveforms, S-waves are well identifi-
able for the remaining LF events. Sometimes unusually 
deep hypocentres are found down to more than 40  km 
depth, which is well below the brittle-ductile transition 
at ca. 15  km depth (see depth distribution of the tec-
tonic events Fig. 6). Therefore, ts - tp differential arrival 
times are longer than for tectonic events and P-waves of 
LF events are often attenuated along the long ray path. 

Within the test example time period, we detected six 
sequences of DLF events including overall 13 events. 
In comparison only one of these sequences with three 
events had already been listed in the catalogues of the 
local observatories. In Fig.  7d, a waveform example of 
the typical DLF events detected within the time period of 
the test example is plotted. It shows the occurrence of a 
sequence with several sub-events.

Computational aspects
For the test example, the computational time for detec-
tion for each day (24  h of continuous recordings) takes 
ca. 75  min on a standard PC (using one core CPU 
− 3.3 GHz system) with on average 14 recording stations 
involved for each day. Each station has three-component 
records with a sample rate of 100 Hz, except for two sta-
tions BHE and TDN with a sample rate of 200 Hz. Detec-
tion is done simultaneously for searching events in two 

Fig. 7  Waveform examples (ground motion velocity, vertical component) and their corresponding spectrogram, a) tectonic event, record 
since 2018-01-31T22:48:27.00 UTC at DEP12, b) multi-rupturing tectonic event, record since 2018-01-06T23:09:21.50 UTC at DEP12, c) 
volcano-tectonic event, record since 2018-02-18T02:01:46.00 UTC at LAGB, and d) low-frequency (LF) event, record since 2017-10-16T22:02:34.00 
UTC at DEP12. All events occurred inside the seismic target region between 1 Oct. 2017 and 28 Feb. 2018
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seismic target zones with different depth ranges. The sig-
nals were searched in eleven frequency classes. Since our 
A6-DFMSD code in MATLAB is not yet written in paral-
lel form, there is a potential for speeding up the detector 
in future works. The most time-consuming part of detec-
tion is the SSD step, specifically where the signal anoma-
lies are detected and labelled for each signal class. Beside 
rewriting the code in a parallel form, considering pre-
allocation memories for the defined arrays and reducing 
the number of nested loops could further optimize the 
code.

Discussion
Detection of very weak earthquake signals (ML < 1) is a 
challenging issue in the presence of background seismic 
noise. A6-DFMSD routine provides a new way to detect 
signals emitted from a certain target region by analys-
ing the records of the seismic stations located not only 
inside the target region, but also outside the target region 
where possibly the noise level is lower. A special feature 
is the high sensitivity for signal frequency that can be 
advantageous, if a specific frequency range characterises 
a type of seismic waves – a typical case in volcanic envi-
ronments. As it was tested and explained in Table 5, the 
routine can filter out unwanted types of events (tectonic 
events, in test example) while preferring, e.g., magmatic 
DLF events (Tables 4 and 5). The main detection restric-
tion in this configuration is the level of signal amplitude 
which is influenced by the source strength and seismic 
attenuation characterising the study region. In our study, 
we used A6-DFMSD with seismic records obtained up 
to 50 km away from the seismic target centre for events 
with magnitudes below ML ~ 1.

From station to station, the recorded waveforms of a 
single event vary. This issue becomes evident when near-
by seismicity is monitored by a local network, because 
the source mechanism (radiation pattern) might play 
a more effective role in comparison with the medium 
properties and site conditions (site effects). A6-DFMSD 
is designed to cope with these circumstances by applying 
two techniques: one applied in the frequency domain and 
the other in the time domain. In the frequency domain, 
it calculates the variation coefficient of DFs of the sig-
nal, which is a stable criterion for the signals recorded at 
different stations and emitted from the same source. In 
this domain, the range of coherency acceptance for the 
variation coefficient of DFs is individually determined 
depending on the intensity of the variation coefficient of 
DFs of each event. In the time domain, it calculates sets 
of station-wise time limits while searching for coheren-
cies across stations. These time limits are unique for each 
pair of recording stations and vary depending on the 
position of each pair of stations relative to the position of 

the defined target zone, thus searching for a wave front. 
These time limits are chosen wide enough to include the 
P- and S-phase pulses. This spread in time allows the 
detector to decide whether the detected pulses are also 
observed at neighbouring stations and whether the sig-
nals are connected to the same source in the seismic tar-
get zone or not. This is done by considering both P- and 
S-phases into the decision process. By this means, the 
detector can recognize that the detected pulses are con-
nected to the same event, even if the emitted signal from 
a source located in the seismic target zone is affected by 
a strong radiation pattern for which, for example, at one 
station only the P-phase is detectable and at the other 
station only the S-phase.

The goal of A6-DFMSD is to not miss the events occur-
ring inside a predefined target region, however, ~ 50% 
of our detections belong to distant sources (sources 
located outside the target region) when the detection of 
LF events is the goal. This happens because far-distant 
events have similar signal characteristics, partly in the 
time domain (waveforms) and mostly in the frequency 
domain compared with the signals of LF events. These 
far-distant signals arrive at the network almost simulta-
neously due to their steep incidence angles and contain 
lower frequencies as their higher frequency parts are lost 
due to attenuation.

As a result of the detection mechanism in A6-DFMSD, 
detection of relatively weak events is enhanced in the 
regions where the seismological network is denser. If 
the seismological network is close to cities or industrial 
regions, the denser part of the network has the main role 
in detection of incoherent events due to human activi-
ties (traffic, industry). To reduce number of the false or 
human-made (unwanted) events in the detection list we 
recommend to not use data of the stations with an inter-
station distance of less than ~ 2  km to avoid coherent 
noise signals. For regions, where a 1-D layered seismic 
velocity model is not yet determined, users can take a 
1-D homogenous seismic or a simple 1-D layered seismic 
velocity model obtained from regions with a similar geol-
ogy. The output of the detector provides an initial infor-
mation about the dominant frequency of the detected 
events which is very useful when searching for a spe-
cific type of signal (for example DLF events as in the test 
example).

To use A6-DFMSD for other targets, beside adding 
the input information (see Sect. on Input parameters) 
to the control file of the detector, only the following 
parameters might require some adjustments (for more 
details see the Supplementary file). Similar to the role of 
the detection threshold in STA/LTA, in A6-DFMSD the 
parameter sigClasPower controls the sensitivity of the 
detection in respect with the signal to noise ratio. Higher 
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values for sigClasPower lead to an elimination of weak 
signal anomalies. On the other hand, lower values than 
2 add more incoherent detections. A coherency search 
in space is limited to a certain number of orbit stations, 
however, the latter may be adjusted. Therefore, if coher-
ent signal anomalies are found with a minimum num-
ber of X stations out of Y orbit stations, this leads to a 
detection. By increasing the number of Y, while keeping 
a fixed value for X, a larger radius in space (wider area) is 
used for finding coherent signal anomalies. This change 
increases a chance of detecting events which are coher-
ent in their signal properties. By increasing the number 
of X, while keeping a fixed value for Y, the coherency 
search performs with a more restricted condition and 
this leads to the elimination of weaker events. This hap-
pens, e.g., due to the wave propagation attenuation which 
can damp weak signals at larger distances. Indeed, one 
should always consider that the detection of signals from 
weak events is limited to a certain hypocentral distance 
(Li et  al. 2020) which might be less than the dynamic 
search radius defined by the selection of the value Y and 
the actual station distribution. The values for X and Y are 
set in the control file as parameters “minLocSearCohSt-
Num” and “maxLocSearStNum”, respectively. We recom-
mend to select the values for these two parameters with 
a ratio of minLocSearCohStNum to maxLocSearStNum 
between 0.6 and 0.7. Search vicinities around the varia-
tion coefficient of DF signal anomalies are determined by 
empirical Eqs. (6) and (7). These equations were obtained 
by testing different sets of values and relationships (see 
also Supplementary material with examples, Sect.  1.5.2 
Figs. S5 and S6). Further tries with more datasets may 
provide an improved performance of the detection. The 
rest of the parameters introduced in this method are 
fixed parameters and independent of the target. Chang-
ing their values might require an updated regularization 
step which can lead to changes in the choice of the other 
adjustable parameters.

The variation coefficient of DFs is a dimensionless 
value. If the amplitude of the seismic records is multiplied 
by a value, it does not change the value of the variation 
coefficient of DFs. Therefore, even records measured at 
stations located on very different site conditions (where 
the recorded amplitudes are amplified by some factors 
due to the site effect) still can be used as input for the 
detector. We assign this as a stabilising property which 
becomes important while searching for the correlation 
between signal anomalies at different stations.

One of the interesting aspects of the detector is the 
detection of a sequence of events in which the coda of 
the first event is partly or mostly covered by the phases 
of the second event and so on. Figure 7 (b and d), Fig. 8 
(e and j) and Fig. 9 (a and b) present waveform examples 

of these type of events with both magmatic and tectonic 
origins. The recorded waveforms of such sequences are 
affected by the source activity rate. Such kind of events 
are typically missed using methods like waveform match-
ing. A6-DFMSD can successfully detect such swarm-like 
events (or multi-rupture sources). This demonstrates 
the capability of the method, e.g., for the detection of 
the tremor-like magmatic signals. Like for the STA/LTA 
method, such a kind of sequences is also listed as one 
event but with a difference: A6-DFMSD provides a value 
in the detection list that gives the time duration between 
the detection of the first detected phase of the first event 
in the sequence and the last detected phase of the last 
event in the sequence, in a network-wide scale. Single 
events in the detection list have a relatively short time 
duration (in our test example with an average time dura-
tion value of ~ 11 s) whereas sequences of events (includ-
ing also events outside of the target region, e.g. regional 
or teleseismic events) have a longer time duration. Hence, 
one can use this average time duration as a criterium and 
split the events of the detection list into two groups: the 
one which mostly contains of single events and the other 
one which contains sequences of events or events outside 
the target region. Of course, the average time duration of 
single events is a function of the network geometry (net-
work diameter), size of the target region (diameter and 
depth of the target region) and the relative position of the 
centre of the target region and the centre of the network 
stations.

In the detection summary (Table  4), we presented a 
part of the detection output which is generated based 
on coherent findings at five or more stations in the 
EEVF. There, we did not take into account the remain-
ing events detected by less than five stations, because 
the ratio of false detections to the total number of detec-
tions increases too much. One suggestion to prevent 
an increase in false detections is reducing the radius of 
the target region. Thus, defining a large target region 
increases the ratio of false detections to the total num-
ber of detections. In this study we considered a radius 
of 25  km for the target region. As result of applying a 
smaller radius (for example 10  km), the time-window 
search for finding coherencies is shortened. Conse-
quently, the search with a shorter time-window reduces 
the chance of the occurrence of false coherent coinci-
dences due to noise signals.

A6-DFMSD can detect a wide range of different signal 
types. Figures  8 and 9 present the capability of detect-
ing diverse waveforms. These two figures summarize 
some typical waveform examples of different event 
types which were detected by A6-DFMSD in the EEVF, 
not only within the five-month period of the test exam-
ple, but also since starting the DEEP-TEE project in July 
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2014. In Fig. 8, atmospheric signals are presented under 
the labels “Thunder” and “Meteor”. We identified several 
hundreds of thunders and even some bursts of meteors 
around our seismological station network (Eickhoff et al. 

2024). The location of these type of signals, up to tens of 
kilometers high in the atmosphere, is verified by source 
location using a sound velocity model of the atmosphere 
(Kirtskhalia 2012).

Fig. 8  Waveform examples (ground motion velocity, vertical component) along with their corresponding detection fields (windowed 
energy-proportional narrow bands, similar to Fig. 5f, but as spectrogram) for different event types detected by A6-DFMSD in the EEVF. Records 
in the subplots are in UTC since: (a) 2016-08-08T00:06:54.50 at DEP12, (b) 2015-08-10T19:55:19.00 at DEP02, (c) 2020-10-20T02:20:06.50 at OF09, (d) 
2018-01-31T22:48:27.50 at DEP12, (e) 2020-07-03T05:48:03.00 at GLOK, (f) 2018-02-18T02:01:46.00 at LAGB, (g) 2020-10-05T09:18:24.00 at OCHT, (h) 
2017-06-06T19:22:06.00 at LAGB, (i) 2017-06-04T20:36:32.00 at LAGB, and (j) 2018-04-28T02:44:58.00 at DEP12
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Quarry blast signals are the most common and often 
strongest anthropogenic signals. In Fig.  8, one example 
is presented under the label “Quarry blast”. In our study, 

detection of quarry blast signals is limited to day-time 
(7:15–15:15 UTC). Since the frequency content of the 
quarry blasts totally overlaps with the frequency content 

Fig. 9  Waveform examples (ground motion velocity, vertical component) along with their corresponding detection fields (windowed 
energy-proportional narrow bands, similar to Fig. 5f, but as spectrogram) for different event types detected by A6-DFMSD in the EEVF. Note: 
the signal from the music festival is similar to magmatic tornillo-shaped LF events (see e.g., Wassermann 2012). Records in the subplots are in UTC 
since: (a) 2019-08-07T21:13:44.20 at GLOK, (b) 2019-04-08T20:08:05.00 at DEP08 and (c) 2015-06-05T21:10:45.00 at DEP09
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of the LF events, they are the most frequent detections 
during day-time (see explanation of the Tables 4 and 5 for 
more details). This type of the events is also labelled by 
the frequency classes 1 to 3 in the detection lists, simi-
lar to the label setting of the LF evens. For this reason, 
the current version of A6-DFMSD is not completely able 
to distinguish the LF events from quarry blasts. We note 
that up to a radius of 100 km from the centre of the tar-
get region in the EEVF, we could identify the locations of 
424 open mines using Google Maps. This demonstrates 
the challenging conditions regarding the detection of LF 
events in our target region where anthropogenic noise 
is very high. Another anthropogenic signal that is inter-
esting from the detection point of view are some sets of 
long-lasting signals emitted from a music festival hold in 
May 2015 in the EEVF, called Rock am Ring (Fig. 9 the sig-
nal labelled by “Music festival”). These signals are promi-
nent in the frequency band 1–5  Hz, with a high peak 
at 2 Hz. Both, the waveform and the frequency content 
are similar to volcanic tremor (e.g., Wassermann 2012), 
however the shallow hypocentre, the location and the 
origin time are coincident with the Rock am Ring festival 
and, therefore, excluding a magmatic origin. The signal 
labelled by “Rockfall” in Fig.  8 is detected during mid-
night (local time) with a shallow (~ 0.1 km depth) source 
position, matching with the location of a big open mine 
in the region. The waveform characteristics of this event 
do not match with the waveforms of the other type of 
observed events in the region. Since blasting in the mines 
is limited to day time, falling rocks at midnight inside the 
open mine is the most reasonable scenario explaining the 
detected observed signal.

The most ordinary type of the LF signals observed in 
EEVF is shown in Fig. 8 with the label “Single Magmatic 
ev.”. Relative to the other waveforms of the observed LF 
signals in EEVF, this type of signals has a shorter dura-
tion. Their occurrence is not limited in a certain depth 
location. Depending on the relative source-station posi-
tion, noise level and magnitude of the event, the P-phase 
might not be seen in the records. One example of this 
kind of observed signal is labelled by “Magmatic ev. 
with no P phase” in Fig. 8. There, the expected P-phase 
arrival time is marked by a “-“ after localization of the 
event with the useable picked phases taken at the DEEP-
TEE network stations. Among the detected signals of the 
LF events in the EEVF, there are some signals that pro-
vide evidence for the occurrence of resonance (in Fig. 8, 
“Emergent Resonant Magmatic ev.”). This type of signals 
starts with a small amplitude, comparable with the back-
ground noise, and then the lower frequency part of the 
signal is gradually increasing over time at all the network 
stations. This type of event occurs in a shallow position 
(~ 10 km depth). In Fig.  9 two of the most interesting 

types of the long-lasting magmatic signals are presented, 
too. The source of both events is located deeply below the 
Moho at ~ 39 km and ~ 33 km depth, respectively. The 
first one is a sequence of events in which the frequency 
content of the events decreases in time (Fig.  9a). This 
characteristic of the sequence is well illustrated in the 
detection fields plotted below the signal. The observation 
of such kind of signals was already reported by Aki et al. 
(1977) from Kilauea volcano, Hawaii. Aki and Koyanagi 
(1981) modelled the mechanical mechanism as magmatic 
intrusions, explaining the characteristics of the signal. 
The second example in Fig. 9b is a pulse-like signal very 
similar to long-lasting magmatic LF events which some-
times are called tornillos. The related detection fields of 
this event illustrate the partly mono-chromatic frequency 
behaviour. This example shows, even if these signals are 
characterised by a lower amplitude than other higher fre-
quency signals, the frequency domain part of A6-DFMSD 
will facilitate their detection.

Conclusion and outlook

We introduce a seismic event detector (A6-DFMSD) 
which is able to detect local (micro-) seismic events 
occurring inside an arbitrary target zone in the presence 
of a moderate to high local seismic noise level. It is sen-
sitive to the energy increase in the continuous ground 
motion in the frequency and time domains and it does 
not require a priori knowledge of the waveform charac-
teristics of the searched events. Station coordinates, loca-
tion and cylindric geometry of a seismic target zone and 
an approximate simple 1-D (homogeneous or layered) 
seismic velocity model of the region are the only input 
that is required to apply A6-DFMSD on a seismic dataset.

To evaluate the method, we selected 5 months of con-
tinuous seismic records in the East Eifel Volcanic Field 
(EEVF), Germany, which is a challenging test example, 
because (a) different types of seismic sources (with mag-
matic and tectonic origins) have already been identified 
(Hensch et al. 2019) and (b) there is a high cultural noise 
level in the records. All the detected events were manu-
ally checked by visual inspection of the waveforms, local-
ized and classified. Results were then compared with a 
merged list of three local seismicity catalogues (Table 4) 
and also with the results of STA/LTA tuned for detection 
of DLF events (Table 5). In comparison with the merged 
list of three local seismicity catalogues and regarding the 
detection of all type of natural source events (e.g., DLF, 
tectonic and volcano-tectonic), A6-DFMSD detected 4.3 
times more events without missing any tectonic or DLF 
event.

In comparison with the results of STA/LTA tuned for 
detection of DLF events, A6-DFMSD and STA/LTA, 
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both, detected the same number of DLF events. However, 
the STA/LTA results included 3.7 and 1.3 times more 
false detections in comparison with A6-DFMSD where 
the high sensitive event lists (set A and set A´) and the 
low sensitive event lists (set B and set B´) are taken into 
consideration, respectively (Table  5). It is noteworthy 
that STA/LTA results included 27 and 15.3 times more 
tectonic type events than A6-DFMSD (comparing set A 
with set A´, and set B with set B´, respectively), although 
for both methods the detection of DLF events was the 
goal. This comparison shows that besides the task of 
detection, A6-DFMSD can successfully separate events 
concerning their frequency content. In this regard, the 
separation of quarry blasts from LF events still remains 
as an unsolved issue, due to the fact that quarry blasts 
and LF events are characterised by very similar features 
in frequency domain.

Based on the detection mechanisms implemented in 
A6-DFMSD, the following cases are the most recom-
mended targets for applying the method:

a)	 regions which are newly covered by a local seismo-
logical network (or, when the local seismological 
network is still under development), especially, if no 
local waveforms are known,

b)	 detection of new types of seismic sources with 
unknown waveforms,

c)	 if waveform matching detection methods are planned 
but reference waveforms are not yet identified.

In the latter case (c), A6-DFMSD is recommended as 
a pre-detection step. In this case, A6-DFMSD provides a 
diverse set of waveforms as inputs for waveform match-
ing detection methods and prevents these methods from 
missing events in their blind spots.

All coding is currently done in one MATLAB program. 
However, users are free to connect optional routines. For 
example, users may integrate the TauP Toolkit for the 
travel time calculation as well. Similarly, a preferred loca-
tion routine can be added to the detection part.
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