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Abstract We develop and test a real-time envelope
cross-correlation detector for use in seismic response
plans to mitigate hazard of induced seismicity. The
incoming seismological data are cross-correlated in
real-time with a set of previously recorded master
events. For robustness against small changes in the
earthquake source locations or in the focal mecha-
nisms we cross-correlate the envelopes of the seis-
mograms rather than the seismograms themselves.
Two sequenced detection conditions are implemented:
After passing a single trace cross-correlation condi-
tion, a network cross-correlation is calculated tak-
ing amplitude ratios between stations into account.
Besides detecting the earthquake and assigning it
to the respective reservoir, real-time magnitudes are
important for seismic response plans. We estimate
the magnitudes of induced microseismicity using the
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relative amplitudes between master event and detected
event. The real-time detector is implemented as a
SeisComP3 module. We carry out offline and online
performance tests using seismic monitoring data of the
Insheim and Landau geothermal power plants (Upper
Rhine Graben, Germany), also including blasts from a
nearby quarry. The comparison of the automatic real-
time catalogue with a manually processed catalogue
shows, that with the implemented parameters events
are always correctly assigned to the respective reser-
voir (4 km distance between reservoirs) or the quarry
(8 km and 10 km distance, respectively, from the
reservoirs). The real-time catalogue achieves a mag-
nitude of completeness around 0.0. Four per cent of
the events assigned to the Insheim reservoir and zero
per cent of the Landau events are misdetections. All
wrong detections are local tectonic events, whereas
none are caused by seismic noise.

Keywords Seismic monitoring - Induced
seismicity - Real-time detector - Cross-correlation -
Envelope - Geothermal energy

1 Introduction

Perceptible shaking related to waste water injection
(Walsh and Zoback 2015; Weingarten et al. 2015)
and hydraulic fracturing (Farahbod et al. 2015) from
shale gas production in North America raised the
public awareness of fluid induced seismicity. Felt
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earthquakes also occurred when stimulating (e.g.
Hiring et al. 2008) or operating (e.g. Bonnemann
et al. 2010) deep geothermal reservoirs. For mitigating
induced seismic hazard, response plans define steps
need to be taken (e.g. reduce injection pressure or
flow rate) if predefined thresholds for e.g. magnitude,
number of events or peak ground velocity (PGV) are
exceeded (Bommer et al. 2006; Kraft et al. 2009). As
the probability of larger events can be estimated from
the number of smaller events by analysing the magni-
tude frequency distribution (Shapiro et al. 2007), it is
essential to soundly detect small events, and distinct
between induced events from the monitored reservoir
and other events.

One challenge in densely populated Central Europe
is, that geothermal power plants are often built near
urban areas which impairs the signal quality of the
local seismic network. Frequent transient noise bursts
cause an unacceptable number of misdetections when
using standard STA/LTA (Short Time Average over
Long Time Average) triggers. Unlike STA/LTA trig-
gers cross-correlation detectors take into account
the full seismic signal, including the chronological
sequence of the individual phases and their amplitude
ratios when combining the whole seismic network.
Schaff and Waldhauser (2010) found a reduction of
the detection threshold by one order of magnitude with
a very low rate of false detections from comparing a
standard STA/LTA trigger and a correlation detector.

Cross-correlation methods are advantageous to find
any kind of repeating or similar signal, providing a
widespread spectrum of applications for seismology.
It reaches from scanning global seismicity (Dodge
and Walter 2015) or individual regions (e.g. Richards
et al. 2006; Schaff and Richards 2011) for similar tec-
tonic events to the monitoring of non volcanic tremors
(Shelly et al. 2007), landslides (Chen et al. 2013), and
the detection of aftershock sequences (Slinkard et al.
2013). It also includes the monitoring of induced seis-
micity at the stimulation and operation of geothermal
reservoirs (Plenkers et al. 2013; Forghani-Arani et al.
2013), during hydraulic fracturing (Holland 2013;
Song et al. 2010), and at waste water disposal sites
(Skoumal et al. 2014) as well as from mining (Kubacki
et al. 2014). Furthermore, Gibbons and Ringdal (2012)
and Bobrov et al. (2014) evaluate the potential of
cross-correlation detectors within the framework of
the Comprehensive Nuclear-Test-Ban Treaty, e.g. for
the detection of nuclear tests in North Korea.
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Most detectors use the waveform data for cross-
correlation with a set of master templates. However,
waveform similarity quickly decreases with changes
in the earthquake source locations or in the focal mec-
hanisms. To account for this limitation, a smoother
time series derived from the seismogram could be
used for correlation. Forghani-Arani et al. (2013) use
the STA/LTA trace as input for the correlation. Also
seismogram envelopes are smoother functions in time
than the original seismograms and are used e.g. for
locating earthquakes (Withers et al. 1999; Chen et al.
2013). The smoothness also allows for down-sampling
which decreases processing time in real-time analysis.

The correlation coefficient can be calculated for
individual traces. Holland (2013) uses only the verti-
cal component of seven stations while Schaff (2010)
averaged the three components of one station. Alter-
natively, a network correlation coefficient can be com-
puted by averaging the trace correlations, e.g. of a
whole array, as introduced by Gibbons and Ringdal
(2006). To improve robustness we consider both, the
trace correlation coefficient with coincidence con-
strains as the first detection criterion, and as second
detection criterion the network correlation as a matrix
correlation, taking into account the amplitude decay
within the network.

Cross-correlation methods are often used to
improve existing catalogues, however, real-time appli-
cations are still rare. Harris and Paik (2006) worked
on an optimisation of a subspace detector for real-time
application. The cross-correlation detector presented
here is implemented and tested in SeisComP3, which
is an established tool for seismological real-time data
analysis (Hanka et al. 2008).

Besides the standard STA/LTA trigger a number of
different methods is used to automatically detect sig-
nals in waveform data. In pattern recognition, as used
by e.g. Joswig (1990), sonograms of a set of known
templates are compared to sonograms of the data,
where a large range of frequencies is taken into
account. Hidden Markov Models are a statistics based
approach, as introduced to seismology by Ohrnberger
(2001). To build a Hidden Markov Model, first a set
of training data has to be available to extract the char-
acteristic features and transition probabilities. It is
advantageous for monitoring tasks where only one or a
few stations are available, as described by Beyreuther
et al. (2012) for volcano monitoring. Subspace detec-
tors (Harris and Paik 2006) are another detection
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method, using the approach that a signal can be mod-
elled as the sum of weighted basis functions, i.e. tem-
plate waveforms forming the representation matrix.
The data are projected into the subspace spanned by
the columns of the subspace representation matrix. A de-
tection is triggered, when the ratio of the squared norm
of the projected vector to the squared norm of the
original data vector exceeds a given threshold value.

Besides detecting an earthquake and assigning it
to a reservoir, information on the size of the event
is also essential. For local networks the local mag-
nitude scale My is commonly used to describe the
size of an earthquake (Richter 1935). However, for
induced microseismic events this definition of a local
magnitude is unfavourable as the source depth is not
taken into account. A number of different approaches
exist to determine a magnitude focusing on local
networks (Edwards et al. 2015), small events (Lee
et al. 1972), or repeated seismicity (Rubinstein and
Ellsworth 2010). We exploit the amplitude ratio of
the detected event and the master event for magnitude
calculation. Schaff and Richards (2014) showed that
the application of a relative magnitude is plausible for
events where the waveforms are very similar and the
noise level is high.

2 Detector

The detector is based on the cross-correlation of con-
tinuously recorded data with known master events.
A detection is triggered, when two detection criteria
are met. Firstly, the similarity of the incoming data f
with a master event ¢ is evaluated by calculating the
cross-correlation coefficient R’ of each trace j:
1 L
J = 50 £
R/ = e f; (1)
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L is the length of the recent time window, i and j are
the counters for time and trace number, respectively.

The first detection criterion is, that the trace corre-
lation coefficient R/ has to exceed a defined threshold
R\ at a number of stations M and traces N larger than
a minimum number of stations M,,;, and traces N,,;,,
respectively.
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M and N are the total number of stations and traces,
respectively. This condition implies that not all, but
most data traces have to be similar to the master event
traces at most stations. Thus, it accounts for local noise
or data gaps as might happen due to station or data
transfer problems. As different master events might be
made up from different numbers of traces, not a fixed
value for M,,;, and N,,;, but the fraction of the sta-
tions (M,,in /M) and channels (N,,;, /N) of the master
event is defined.

If this first detection criterion is met, secondly,
the network correlation coefficient R is calculated by
summing over the time window L as well as over the
traces j with R/ > Rj.
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The network correlation coefficient is a matrix corre-
lation not a simple average over trace correlation coef-
ficients. Therefore, it considers the amplitude ratio at
the different traces, which accounts for stations at dif-
ferent distances and also different site amplification
factors. As second detection criterion the network corre-
lation coefficient R has to exceed a certain threshold R;
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Figure 1 shows that the trace correlation R/
exceeds the threshold (R; = R, = 0.7) more often
than the network correlation R, which contains infor-
mation from all stations. Since the network correlation
averages over all trace correlation coefficients, the
influence on the network correlation coefficient of one
station, e.g. the similarity between noise burst and
master event, is small.

If both criteria are met, a detection is triggered.
The source time is determined from the maximum of
the correlation coefficient. This is searched for in a
small time window after the network correlation first
exceeds the threshold R, (panel D in Fig. 1). The
source time is calculated relative to the master event’s
source time.

A location is not performed, but the location of the
master event is adopted.
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Fig. 1 The trace correlation coefficient R/VHZ and the net-
work correlation coefficient R with noise removal (blue line),
and without noise removal (red line) are shown. Panels (A) and
(B) (zoom in of A) show the trace correlation R/ for the ver-
tical component of station INSH. In panels (C) and (D) (zoom
in of C) the network correlation R is given. The thresholds
Ry = R, = 0.7 are given by the horizontal dashed lines. In
panel D the time window to search for the maximum of the
cross-correlation coefficient R after the first exceedence of the
threshold is indicated by vertical dashed gray lines. In the given
example this is 2 s. The origin time of the Insheim earthquake
(2013-07-13,09:54:56.8 UTC) is calculated from the maximum
of the network correlation and marked by the vertical black line

In general, this detection process can be applied to
the waveform itself as well as to the envelope. Full
waveform template matching is extremely sensitive if
the signal in the detection time window consists of
one of the master events plus some additional noise.
It is applicable only to strictly repetitive sources con-
fined to regions smaller than one or two wavelengths
at the dominant frequency of the repeating waveforms.
Practically, the source locations and source mecha-
nisms of the induced earthquakes vary and thus, the
waveforms will not always be identical to the mas-
ter event’s waveform. The envelope is more stable
against small changes in source location and source
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mechanism. This makes the envelope suitable for the
purpose of monitoring a geothermal reservoir, where
events might occur not only at one distinct place
but scatter over the reservoir. Furthermore, the enve-
lope is a lower frequency signal than the waveform,
which allows for a resampling with coarser time steps.
This results in data reduction and thus is less expen-
sive in terms of processing performance. However,
the chance of misdetections, e.g. from local tectonic
events near the reservoir, slightly increases.
The causal envelope e of a trace j is calculated as

k=i

2 i\ 2
S ECE
M k=i+1—L,y,
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Fig. 2 Examples for events from the Insheim reser-
voir (A:2012-12-16, M 1.4, B:2013-01-26, M, 1.8,
C: 2013-02-17, My, 2.0, D: 2013-07-13, My, 1.4) and the Lan-
dau reservoir (E: 2013-06-21, My 1.2, F: 2013-11-19, M 1.5).
The gray line is the seismogram and the black line the envelope.
All panels show the normalized east component of station INSH
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i and k are the time step counters and y,f denotes the
bandpass filtered seismogram of which the envelope
is calculated. Averaging is carried out over L, data
points to smooth the waveform in time. This is done
for the incoming data as well as for the master events.
Figure 2 gives an example of waveform data and
their envelopes for events from the two neighbouring
geothermal reservoirs in Insheim and Landau.

The standard deviation of the local noise results
in a positive offset of the envelope (Fig. 3). As a
consequence, the correlation gives a comparatively
high correlation coefficient, although only noise is
recorded (Fig. 1). We solve this issue by subtracting
the noise from the data envelope as well as from the
master event envelope. The noise e,]wise at a trace j
is defined as the average over a small time window
preceding the seismic signal

. 1 .
eiwise = L_n Z eij’ @)

i is the time step counter and L, is the length of the
noise time window. This defines the noise corrected
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Fig. 3 Envelope of vertical component of station INS1 (black
line) for the Insheim event of 2013-07-13, 09:54 UTC. The pre-
ceding noise causes a small positive offset in the envelope. This
average noise level is estimated in the two noise time windows
[noiseStart] noiseEnd1] and [noiseStart2 noiseEnd2] marked
by vertical blue lines. The envelope is corrected by subtract-
ing the noise level, as shown by the red line. Signal length L is
defined as a time window from signalStart to signalEnd (ver-
tical orange lines). The event’s source time is marked by the
dashed black line. The maximum of the absolute value of the
envelope is used to compute the magnitude (green line)

Y Y B |
envelope as e = e e, ,is- Consequently, we
use the noise corrected envelope of the master event
f/ and the noise corrected envelope of the incoming

data él.] for cross-correlation ((1) and (4)). Figure 3 is
showing the process of the noise removal at the enve-
lope. At a certain time during the processing the noise
time window might contain a local noise burst or a
seismic signal simulating a high noise level. Thus, a
second noise time window is defined, and the smaller
noise value of both windows will be used for subtrac-
tion. The time between the two noise windows should
be greater than the signal length L, so that a signal
never contains both noise time windows during one
processing step.

Several master events can be included in the detec-
tion process. These can be master events from differ-
ent reservoirs, e.g. Insheim and Landau, or a number
of master events for one distinct location. In the lat-
ter case, the detector allows to group master events
e.g. to create a group “Insheim” with a set of master
events from different parts of the Insheim reservoir. If
the detection criteria are met for more than one mas-
ter event of a group, the master event with the highest
network correlation defines source time, location, and
magnitude of the new detection.

To detect even smallest events when monitoring a
clear target, e.g. one geothermal reservoir, the thresh-
olds will be set considerably low. Thus, events from
a nearby region, e.g. local tectonic events, might
cause misdetections. The detector can be trained to
know these events as negative master events, SO
that if the recent data are similar to this nega-
tive master events, a detection is triggered but not
sent out.

For a most effectively working online detector the
handling of real-time data is an essential part. There-
fore, the detector is implemented as a SeisComP3
module, taking advantage of this system. One point
in dealing with real-time data is a possible delay
in data transmission or outages of stations. A time-
out is defined for how long the detector will wait
for missing data to arrive. If they are not available
during this time period, the processing skips these
data and moves on setting R/ = 0 for this trace.
Besides the real-time mode it is also possible to run
the detector on archived data as an offline playback,
e.g. to search for events similar to a new master
event or for adjusting the processing and detection
parameters.
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3 Magnitude estimation

After detecting the earthquake, real-time magnitude
estimation is important for seismic response plans.
Microseismic events are weak so that their signal
quickly decays below the local noise level, and the
amplitude of the seismic signal cannot be measured
at greater distances. At a local network with event
depth in about the same order of magnitude as the net-
work radius, the event depth contributes significantly
to the amplitude decay as a function of hypocen-
tral distance. For calculating My, however, the source
depth is not taken into account, as it was developed
for tectonic events recorded at a certain distance. Also,
the Wood-Anderson instrument, that Richter (1935)
used to determine M , is not used anymore in modern
seismology. Digital simulation is possible but the fre-
quency band of the Wood-Anderson instrument is not
suitable for the high frequency content of the micro-
seismic events. Thus, an approach different from the
original M} definition is needed. We compute a rela-
tive magnitude from the ratio of the maximum ampli-
tude value of a known event and a newly detected
event. The master event has to be strong enough to be
recorded at distant stations, so that the local magni-
tude My , can be determined. For each trace j, that
meets the first detection criterion (3), a trace mag-
nitude M i,y is calculated from the amplitude ratio
between master event x and event y using

: max;|y] |
Mj = Mpx+logio | —|. ®)
max;|x; |

max;|x] | and max;|y!| denote the maximum ampli-
tude of the data trace and the corresponding master
event’s trace, respectively. If all three components of
one station meet detection criterion 1, we estimate
three trace magnitudes for this station. When using the
envelope for correlation, max;|x] | and max;|y!| are
the maxima of the envelopes. The network magnitude
M|y is determined by averaging over all N traces that
meet the detection criterion in (3):

K
1 .
Mpy=—=> M, 9)
N =

This relative magnitude differs from the local magni-
tude as an arbitrary bandpass filter is used instead of
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a Wood-Anderson simulation filter. As a consequence
the relative magnitude will only resemble My for a
reasonable bandpass filter and for magnitudes in the
magnitude range of the master event.

4 Application to induced seismicity at the Insheim
and Landau geothermal reservoirs in the upper
rhine graben

To test the cross-correlation detector’s performance,
it is applied to the monitoring of induced seismic-
ity at the two neighbouring geothermal reservoirs in
Insheim and Landau in the German part of the Upper
Rhine Graben (URG). Firstly, an offline playback is
run for a short period of data with the focus on the
Insheim reservoir. Secondly, the detector is deployed
in real-time to the two reservoirs in Insheim and Lan-
dau for one year. The detections from the reservoirs
as well as from the nearby quarry Waldhambach are
analysed.

4.1 Geological setting, geothermal plants and seismic
network

The Upper Rhine Graben (URG) is part of the NNE-
striking European Cenozoic rift system, which extends
from the western Mediterranean to the North Sea
(Illies 1972; Ziegler 1992). Despite of being among
the seismically most active regions in Germany, the
seismic risk at the URG is small to moderate rela-
tive to the European scale (Leydecker 2011; Griinthal
and Wahlstrom 2012). The most damaging earthquake
occurred at the southern end of the URG near Basel in
1356 with a moment magnitude between 6.7 and 7.1
and a maximum intensity of IX near the epicenter (Fih
et al. 2009).

The URG is the region with the highest geother-
mal gradient in Germany, e.g. more than 150 °C are
reached at depths of 2500 m in the northern part of the
graben (Agemar et al. 2014). This makes the region
one of the focus areas for geothermal energy produc-
tion in Germany. Widely known are the projects in
Soultz-sous-Foréts (France) (Evans et al. 2005) and
Basel (Switzerland) (Hiring et al. 2008). The first
geothermal power plant in the German part of the
URG became operational in Landau in 2007. This
plant has a doublet configuration with two boreholes
drilled down to 3300 m and 3340 m, respectively, with
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a horizontal distance of about 1500 m at depth. The
plant was built to generate 2.9 MW of electric and 24
MW of thermal energy (Baumgirtner et al. 2013). The
maximum flow rate reaches 70 1/s, and the produc-
tion temperature is about 155 °C to 160 °C (Hettkamp
et al. 2013). Since March 2014 the production has
been stopped because of significant surface uplift
around the power plant. The uplift is not linked to the
seismically active reservoir as it is caused by near sur-
face leakage problems (Heimlich et al. 2015). About
4 km south of Landau, a second power plant commis-
sioned in Insheim in November 2012. It is designed to
generate a total power of 4.8 MW electric and option-
ally 38 MW of thermal energy with a production
rate up to 80 I/s. Temperatures of more than 165 °C
are measured at 3800 m (Baumgirtner and Lerch
2013; Baumgirtner et al. 2013). Both power plants are
Enhanced Geothermal Systems with a multi-horizon
approach, which aims at the production of thermal
fluid from several horizons in the transition zone from
the Mesozoic sediments to the crystalline basement

(Baumgirtner and Lerch 2013). The plants are situ-
ated in the region of the Landau block system at the
western central URG. The top of the crystalline base-
ment is about 2400 m beneath Landau and at 3000 m
to 3500 m beneath Insheim (GeORG Project Team
2013).

Significant tectonic seismicity in the study area
is only known near Kandel, about 10 km south of
Insheim, with a maximum intensity of V in 1880
and VI in 1903, respectively (Barth 2011). Since
2006 three events with M; > 2 from Landau have
been recorded and eight such events from Insheim
(Landesamt fiir Geologie und Bergbau Rheinland-
Pfalz 2015). Altogether more than 2200 induced
microevents have been detected since 2006. Most of
these events were not perceived. Only a few have
been felt by the local population (Groos et al. 2013).
After the first occurrence of two felt induced earth-
quakes near Landau with local magnitudes of 2.7 and
2.4 in 2009 (Bonnemann et al. 2010), the produc-
tion rate of the power plant was reduced to 55 1/s
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Fig. 4 Seismic monitoring network around the geothermal
power plants in Insheim and Landau (blue dots) during the
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injection wells being the eastern well for Landau and the south-
ern well for Insheim, respectively. The quarry in Waldhambach
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diamonds. The filling displays, if the data were available in real-
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@ Springer



200

J Seismol (2017) 21:193-208

(Hettkamp et al. 2013). Additionally, as a consequence
the seismic monitoring was improved. On behalf of
the power plant’s owner the local seismological net-
work was complemented by an immission network
to record the peak ground velocities (PGV) of seis-
mic events according to German DIN4150 standards
(Deutsches Institut fiir Normung e.V. 2015). Addition-
ally, a temporary network of seismological stations
was installed within the framework of the research
project “MAGS - Microseismic Activity of Geother-
mal Systems”. The network (see Fig. 4) is set up
within a radius of 8 km corresponding to the dou-
ble reservoir depth as recommended in Baisch et al.
(2012). To account for the high frequency content of
small events, the sampling rate is set to 200 Hz at all
stations.

Comprehensive analyses of the seismicity for the
years 2006 to 2013 were performed by Groos and
Ritter (2014). Since October 2013 the seismicity is
analysed at BGR and the local seismological survey
of the Geological Survey and Mining Authority of
Rhineland-Palatinate (LER). In the following sections,
we describe the application of the automatic detec-
tor and compare the results to the manually revised
catalogues.

4.2 Offline test

To validate the performance of the new envelope
cross-correlation detector continuous seismological
data from the waveform archive are automatically

Table 1 Parameters of the two Insheim master events used for
the offline test according to Seismological Service of South-
western Germany (LE) (Landesamt fiir Geologie und Bergbau
Rheinland-Pfalz 2015)

Insheim Master 1 Insheim Master 2

Source 2013-01-26 2013-02-17

time 19:48:27.710 (UTC) 20:07:15.750 (UTC)

Location 49.159N £ 0.6 km 49.161N £ 0.6 km
8.153E £ 0.8km 8.152E £ 0.7km

Depth 5+2km 4 £+ 2 km

Mp 1.8 2.0

Stations INSI, INS2, INSS, INS1, INS2, INSS,
INS7, INSH, INS7, INSH,

TMO54, TMO64 TMO54, TMO64

@ Springer

processed. In this offline playback we first focus on
the Insheim reservoir. The automatic detection list is
compared to the manual one, thoroughly processed by
the Karlsruhe Institute of Technology (KIT), as ref-
erence (Groos and Ritter 2014). This KIT catalogue
was constructed from waveform cross-correlation of
known events with continuous data of one compo-
nent using normalized amplitudes. Detections were
iteratively included as new master events. From the
resulting list, detections were selected for manual
inspection (Grund et al. 2016; Plenkers et al. 2013).
From stronger events, relations between local magni-
tude MLE (Stange 2006) and peak ground velocity
(PGV, in mm/s) (MLE = a/ - log), (PGV/) + b/)
are derived and applied to estimate magnitudes M /7
even for small events. The resulting manually revised
catalogue lists 141 events with magnitudes from -0.6
to 2.0 for Insheim for the time period 2012-11 to
2013-02. The same four months are processed using
the envelope cross-correlation detector with two mas-
ter events from the Insheim reservoir (see Table 1).
Since a reliable location and a local magnitude are
needed, we chose events with the largest magnitudes.
We constructed the two master events of data from
those seven stations that showed the most distinct sig-
nals. If not only the seven stations with the best signal
to noise ratio are included in the master event, but also
stations at larger distances, the detector’s sensitivity
to small events decreases. The first detection criterion
defines the minimum number of stations and of chan-
nels at which the trace correlation coefficient R/ has
to exceed the detection threshold Ry. M,,i,/M = 0.7
= 70 % for the minimum required number of sta-
tions and N;,/N = 0.6 = 60 % for the number
of channels give a good compromise between detec-
tor sensitivity and number of misdetections for the
monitoring setup analysed here. Using master events
containing seven stations with three components each,
this means that at more than five stations and 13 out
of 21 channels the trace correlation R/ has to exceed
R to meet the first detection criterion. The stations
of the master event show a good azimuthal coverage
which is also the case for all detections, since at least
five stations are required for a detection. Both detec-
tion thresholds (R for the trace correlation coefficient
and R, for the network correlation coefficient) are set
to 0.7. The length of the noise time windows is one
second, and the signal time window is 10 s. As our net-
work is situated in urban areas, often electronic noise



J Seismol (2017) 21:193-208

201

with a frequency of 50 Hz is present in the data. Also
the small events typically have a frequency of about
20 Hz. Therefore, data and master events are bandpass
filtered at 10 - 40 Hz.

The automatically generated catalogue consists of
131 events with magnitudes between -0.7 and 2.0.
The magnitude frequency distribution comparing both
catalogues is given in Fig. 5 showing a similar dis-
tribution with most events between M = —0.2 and
M =0.5.

The magnitude of completeness M, is a statisti-
cal value, describing down to which magnitude all
events are listed in a certain catalogue. We use the
maximum curvature of the cumulative magnitude fre-
quency distribution to approximate M,.. Due to the
limited number of events, this will give only a conser-
vative estimation of M, (Woessner and Wiemer 2005).
For the automatic catalogue it is M f” AGS = _0.1 and
MKIT = 0.1 for the manually processed reference
catalogue (Fig. 5).

18 M2/|/-\Ub 01 I \1AGS - Insheim

no. events/magnitude hin
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Fig. 5 Magnitude frequency distribution of Insheim events
listed in the automatically generated catalogue (envelope cross-
correlation detector, red bars in panels A and C) and the
manually verified KIT catalogue (waveform cross-correlation
detector, blue bars in panels B and D) for November 2012
until February 2013. The maximum of the curvature of the

Panels C and D in Fig. 5 show the events listed
in either only the automatic catalogue (panel C), or
only in the reference catalogue (panel D). All events
with magnitudes larger than 0.5 are listed in both cat-
alogues. 29 events are listed only in the automatic
catalogue. To validate the automatic catalogue, these
events are inspected manually. Only one event is a
false detection due to local noise bursts at some neigh-
bouring stations and one is probably a small local
tectonic event. This results in less than 2 % misde-
tections in the automatic catalogue. The remaining 27
Insheim detections are events that the KIT catalogue,
derived from waveform cross-correlation, missed, but
were found by the envelope cross-correlation detec-
tor. The largest one of these events has a magnitude
of 0.1. The automatic envelope detector missed 26
events of the KIT catalogue with a local magnitude
larger than —0.1. Visual inspection shows that these
events are identifiable only at very few stations and
thus do not fulfil the first detection criterion. Also,

I <7 - Insheim |

no. events/magnitude bin
>

-0.5 0 0.5 1 1.5 2
wAKIT

hagnitude

10 ' ' St
H MCKIT = 0.1 T onIJ
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o

-0.5 0 0.5 1 15 2
hagnitude wKIT

cumulative distribution gives the magnitude of completeness
for the respective catalogue: MMAGS = 0.1 and MX'T = 0.1
(black dashed lines). While panels A and B show the full cata-
logues, panels C and D show the histograms of events listed in
only one of the catalogues, i.e. only in the automatic (panel C)
or only in the reference catalogue (panel D)
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Fig. 6 Comparison of the magnitudes estimated from the
amplitude ratios in the automatic catalogue MM4CS and the
local magnitude in the reference catalogue MX!7 . Events listed
in both catalogues are plotted as black dots. An orthogonal dis-
tance regression (solid gray line) is applied to the data. The
dashed gray line indicates the ideal relation where MMAGS
equals MKIT

the KIT catalogue was constructed from a very sensi-
tively tuned waveform cross-correlation with manual
inspections.

Figure 6 compares the magnitudes of the events
listed in both catalogues. The magnitudes of the auto-
matic catalogue are determined by the detector from
the amplitude ratio as described by (9), while the man-
ual catalogue contains local magnitudes M according
to Groos and Ritter (2014). The orthogonal distance
regression results in

MMAGS — 111 MKIT —0.32. (10)

The slope of the regression line is slightly larger than
one. This means, that the magnitudes calculated from
the amplitude ratios underestimate the smaller magni-
tudes, while for larger magnitude values they fit with
the local magnitudes of Groos and Ritter (2014). The
mean magnitude difference is 0.23 and the standard
deviation is 0.13. Correcting MMA6S = —0.1 accord-
ing to (10) would give a magnitude of completeness of
0.2 for the automatic catalogue.

4.3 Online test

A real-time detection system was installed in Octo-
ber 2013. As the data of the online stations usually
arrive at the data centre within less than two minutes,
the time-out of the detector to wait for missing data
is set to 5 min. Consequently, the processing might be
delayed by a maximum of five minutes from real-time.
Noise as well as signal time window length are used
as in the offline playback.

As the seismic network changed in October 2013
(end of MAGS, beginning of follow-up project
MAGS?2), new master events are defined for the online
test. Additional to Insheim, we include templates for
the Landau geothermal reservoir and the neighbouring
quarry in Waldhambach (see Table 2). As we use the
envelope of the seismogramms, the implementation
of one master event per reservoir has proven suffi-
cient. This is in contrast to waveform cross-correlation
for the same reservoirs (Grund et al. 2016; Groos and
Ritter 2014) where several templates for each reservoir
were used. To test, if also the same detection thres-
holds (Myin/M =70 %, Npin/N =60 %, Ry = 0.7,
Ry = 0.7) are equally suitable when monitoring not

Table 2 Parameters of the Insheim, Landau and Waldhambach master events used for the real-time test according to the local seis-
mological survey of the Geological Survey and Mining Authority of Rhineland-Palatinate (Landau/Insheim: Landesamt fiir Geologie

und Bergbau Rheinland-Pfalz (2015), Waldhambach: Briistle and Schmidt pers. comm., 2015)

Insheim Landau Waldhambach
Sourcetime 2013-10-02 2013-11-19 2014-05-06
01:13:26:80 (UTC) 11:07:43.00 (UTC) 09:50:49.00 (UTC)
Location 49.162N £ 0.7 km 49.190N =+ 1 km 49.159N
8.152E + 0.7 km 8.110E &+ 1 km 8.004E
Depth 4+ 1km 3+2km 0 km
My 2.1 1.5 1.5
Stations INS1, INS2, INS7, INSH, INS1, INS4, TMO20, TMO54, INS1, INS3, TMO20, TMO54,

TMOS54, TMO64, LDE

TMOS5, TMO64, LDE

TMOS5, TMO64, LDE

@ Springer



J Seismol (2017) 21:193-208

203

Table 3 Overview of correct detections, misdetections and missed events for one day (2014-06-08) using different detection

thresholds

Myin/M  correct detections — misdetections  missed events

50 % 14 2 3
60 % 14 2 3
70 % 14 2 3
80 % 11 2 6
90 % 11 2 6
R correct detections  misdetection missed events
0.5 14 0 3
0.6 14 1 3
0.7 14 2 3
0.8 12 0 5
0.9 3 0 14

Npin/N  correct detections  misdetections  missed events

40 % 15! 3 3
50 % 14 2 3
60 % 14 2 3
70 % 12 2 5
80 % 10 0 7
R correct detections  misdetection missed events
0.5 15 2 2
0.6 14 2 3
0.7 14 2 3
0.8 14 1 3
0.9 7 0 10

10ne new event is detected, that is not listed in the LER catalogue

At each block one of the detection thresholds is varied from M,,;,/M = 70 %, Ny,in/N = 60 %, Ry = 0.7, R, = 0.7 as given in the

respective first column

only Insheim, but also including the Landau reservoir
and a nearby quarry (see Table 2), we vary the values
and combinations of M,,;,/M, Nyin/N, R and R».
Table 3 gives an overview of correct detections, mis-
detections and events missed for one day (2014-06-08)
compared to the detailed LER catalogue (description
see below, Fig. 9). It shows that generally, when the
detection thresholds are higher, the number of missed
events increases, and the number of correct detections

A . ‘ . ‘
MMAGS _ g I \AGS - Landau/Insheim
14 ¢ [TIMAGS - quarry blast
c
= 12
@
o
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= H
g
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£
2
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o I
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- -05 0 05 1 15 2

hagnitude MMAGS

Fig. 7 Magnitude frequency distributions for the events in
Insheim and Landau for the time period October 2013 to
September 2014 as listed in the automatically generated cata-
logue (panel A, red bars) and in the public LE catalogue as
reference (panel B, blue bars). A conservative estimation of
the magnitude of completeness is given from the maximum

decreases. A low threshold for the trace correlation
coefficient gives less misdetections because including
traces with low similarity to the master event into the
network correlation, results in a lower network corre-
lation coefficient. No new events are detected, except
when setting Ny;,/N to 40 %, which at the same
time causes one misdetection from noise. All other
misdetections are caused by one tectonic event, that
was wrongly detected as quarry blast and in some

B . . .
l I (£ - Landaw/Insheim |
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=
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o
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=
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curvature of the cumulative distribution as MMAGS = 0.0 and
MEE = 0.8. The quarry blasts listed in the automatic catalogue
(gray bars) show magnitudes around 1.5. The local tectonic
events that are misdetected as Insheim or Waldhambach events
(see Table 4) are not considered here
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cases also the S-Phase was misdetected as Insheim
event. Altogether, the setting used for the offline test
with only Insheim master events, is also applicable to
monitoring three different targets (Table 2).

The automatic catalogue for one year of monitor-
ing (2013-10-01 to 2014-09-30) is compared to the
public event bulletin from the routine analysis of the
Seismological Service of Southwestern Germany (LE)
(Landesamt fiir Geologie und Bergbau Rheinland-Pfalz
2015). The catalogue is constructed by running an
adjusted Baer-Kradolfer picker (Baer and Kradolfer
1987) on a 3 min time window and applying tempo-
ral and spacial coincidence conditions on the resulting
picks. In case of a detection, the waveform data of fur-
ther stations are requested, optimising the data set for
local, regional or teleseismic processing. The picker
is run again, defining the final phase arrivals that are
than used for location. Depending on the quality of
the detection, the results are rejected, manually revised
or automatically published at the online event bulletin
(pers. comm. S. Stange, 2016).

Figure 7 shows the Insheim and Landau detections
from the automatic catalogue as red bars in panel A
and in comparison the public LE event bulletin as
blue bars in panel B. Local tectonic events that
are misdetected as Insheim or Waldhambach events
(see Table 4) are not considered here. A conserva-
tive measure for the magnitude of completeness is
estimated from the maximum curvature of the cumu-
lative magnitude frequency distribution. This results
in MMAGS = 0.0 for the automatic catalogue and in
MEE =0.8 for the LE bulletin. The quarry blasts listed
in the automatic catalogue (gray bars in Fig. 7) show
magnitudes around 1.5 and form a different magni-
tude frequency distribution. One My 1.9 event of the
LE catalogue seems to be missing in the MAGS cat-
alogue, however, the magnitude from the amplitude

Table 4 Evaluation of the automatic catalogue for the real-time test

ratio for this event is smaller (M™AGS 1.7) and, con-
sequently, it is assigned to a different magnitude bin
in the histogram. Thus, all events of the LE catalogue
are included in the automatic catalogue.

The manual catalogue comprises local magnitudes
M, according to Stange (2006). Figure 9 compares
the magnitudes for the events that are listed in both
catalogues. An orthogonal distance regression is fit to
the data according to

MMAGS — 119 MLE — 0.33. (11)

Events with a magnitude MLE < 1.1 are assigned
a smaller weight of 0.1 for the orthogonal distance
regression as the magnitudes MLF scatter for smaller
events. The slope of the linear regression is slightly
higher than one, meaning that the smaller magnitudes
are underestimated by the detector, while for larger
magnitude values the magnitudes from amplitude ratio
fit with the local magnitudes.

The automatic detection is send out via email
with the SeisComP3 xml-file of the event including
source and detection parameters attached. It serves
as a starting point for the manual determination of
phase arrivals and precise location of the event at
the local seismological survey of the Geological Sur-
vey and Mining Authority of Rhineland-Palatinate
(LER) within the research project MAGS2. This man-
ual LER catalogue is used for a detailed comparison.
It also includes the detections reported to the LER
by the companies conducting the seismic monitoring
on behalf of the plants’ owners (Insheim: BESTEC
for Nature GmbH, Landau: DMT since spring 2014,
formerly BESTEC). They maintain additional stations
and different detection algorithms, which makes the
LER catalogue a comprehensive reference list.

Insheim Landau Waldhambach
detections 142 35 35
correctly associated 137 (96 %) 35 (100 %) 27 (77 %)
misdetections - tectonic events 54 %) 0 8 (23 %)
missed events (manual LER catalogue) 32 15 0

The detections are compared to the manual catalogue of the local seismological survey that was compiled within the framework of the
research project “’MAGS2” at the Geological Survey and Mining Authority of Rhineland-Palatinate (LER). It includes the automatic
detections and also the reported detections from the monitoring companies

@ Springer



J Seismol (2017) 21:193-208

205

The automatic catalogue consists of 212 events
out if which 172 induced events are correctly associ-
ated to the geothermal sites in Insheim and Landau
(Table 4). 35 detections are assigned to the quarry in
Waldhambach. Figure 8 shows a comparison of the
magnitude frequency distribution for the geothermal
reservoirs in Insheim (panel A), Landau (panel B) and
the quarry in Waldhambach (panel C). Altogether, for
the analysed time period the manual LER catalogue
contains 87 events that are missed by the automatic
detector (blue bars). 47 of these 87 detections missed
by the automatic detector are induced events, and
the remaining 40 detections are not locatable because
the signals are too weak. To ensure comparabi-
lity, the magnitudes of these events are deduced from
manually applying an offline playback on the respec-
tive source times of the events missed by the real-time
detector. It showed that all, but one of these events can
be detected if the detection criteria are tuned down at
the expenses of an increased misdetection rate.

For Insheim, the real-time detector lists 137 cor-
rectly assigns events (Table 4; red bars in Fig. 8a)
and 32 missed events (blue bars) at a magnitude

MMAGS _ 1 19 MLE L33

MMAGS

Fig. 8 Magnitudes calculated from amplitude ratio by the
detector (MMAGSY versus the local magnitude from the ref-
erence LE online bulletin for events listed in both catalogues
(black dots). An orthogonal distance regression (solid gray line)
is fitted to the data, assigning a smaller weight of 0.1 to events
with MLE < 1.1 as they scatter. The dashed gray line indicates
the ideal relation MMAGS = pLE

range of MMAGS —0.9 to 0.3. Also, five tec-
tonic events outside of the geothermal reservoir are
wrongly assigned as Insheim events (green bars). The
magnitude of completeness for the Landau events can
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Fig. 9 Comparison of the magnitude frequency distribution for
the automatic MAGS catalogue from real-time envelope cross-
correlation and the manually revised LER catalogue for the
geothermal reservoirs in Insheim (A) and Landau (B) as well
as the quarry in Waldhambach (C). Red bars show the automat-
ically correctly assigned events, green bars the local tectonic
events misdetected as induced events. Blue bars are the events,
listed in the LER catalogue only, missed by the detector. The
magnitudes of these events were derived by manually apply-
ing an offline playback with lower detection criteria on the
respective times. The dashed black line marks the magnitude of
completeness of the combined automatic catalogue
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not be calculated due to the small number of events.
Figure 9, panel B indicates that it might be slightly
larger than for the Insheim reservoir. The Landau
detections are all correctly associated. However, the
real-time detector missed 15 events that are listed in
the LER catalogue (blue bars in Fig. 8, panel B). They
are at a magnitude range of MMACS = —0.3 t0 0.6
whereof four events have MMACGS . yMAGS — (.0,

Panel C of Fig. 8 shows, that the manual catalogue
lists no further events from the quarry in Waldham-
bach, but wrongly assigned eight local tectonic events
as quarry blasts. A possible reason is, that the quarry
is outside the network and thus the azimuthal coverage
is not sufficient (Fig. 4).

5 Discussion and conclusion

Microseismic real-time monitoring demands a detec-
tor that reliably reports small events, ideally without
misdetections even if the seismic network is situated
in a noisy environment. Standard STA/LTA triggers
tend to fail at this task. Correlation methods more reli-
ably detect repeated seismic events, but have rarely
been applied in real-time. We implemented a real-time
envelope cross-correlation detector in SeisComP3 and
applied it to the monitoring of the neighbouring
geothermal reservoirs in Insheim and Landau and a
nearby quarry in the Upper Rhine Graben.

Two time periods were analysed in detail. For the
four months of 2012-11 to 2013-02, an automatic
catalogue with 131 events was created by offline
processing for Insheim. Maximum curvature gives a
magnitude of completeness of MM AGS — _0.1. The
comparison to a manually verified catalogue, derived
from waveform cross-correlation, showed that both
catalogues have a similar magnitude of completeness
and all larger events are listed in both catalogues.
The automatic envelope cross-correlation catalogue
contains 27 new events and 2 % misdetections.

The second time period is 2013-10-01 to 2014-09-30.
Here, not only Insheim, but also master events from
the neighbouring geothermal reservoir in Landau and
the quarry in Waldhambach are included for real-time
processing. The master event used for the blasts in
Waldhambach caused several misdetections, proba-
bly because the quarry is outside the network. The
resulting automatic catalogue lists 177 events from
the geothermal reservoirs with 96 % of the Insheim

@ Springer

events and all of the Landau events assigned correctly
to the respective source. The distinction between the
two neighbouring reservoirs and the quarry worked
reliably. The real-time catalogue includes all events
listed in the public event bulletin of the Seismologi-
cal Service of Southwestern Germany for the analysed
time period and region. For a more extensive analysis,
the automatic catalogue is compared to the detailed
LER catalogue, which contains 47 additional locatable
micro-earthquakes detected by the monitoring com-
pany using more stations. These events can be found
by the envelope cross-correlation detector, only if the
detection criteria are lowered. However, this would
increase the rate of misdetections. The automatic cat-
alogue lists five local tectonic events that are wrongly
identified as Insheim events. No misdetections from
noise bursts are listed.

According to Groos et al. (2013) the seismic events
in Landau with My > 1.3 are perceptible. DIN4150
(Deutsches Institut fiir Normung e.V. 2015) gives a
threshold for peak ground velocity of 3 mm/s up to
which minor damages at very sensitive buildings can
no longer be ruled out. Groos et al. (2013) showed,
that this threshold is not exceeded for events with
M, < 2. Thus, with a magnitude of completeness of
M ZVI AGS — 0.0 the automatic catalogue gives a good
basis for response plans, that estimate the expected
number of larger events using the Gutenberg-Richter
relation. For reservoir characterisation, however, the
setup might be chosen different, e.g. a set of master
events from different parts of the reservoir could be
used and the threshold would be considerably lower.

The magnitudes estimated from the amplitude ratio
reproduce the local magnitudes close to the magnitude
of the master event, but tend to have a small offset
for smaller earthquakes. Using a master event with a
medium magnitude of the expected range of magni-
tudes or including a set of master events with different
magnitudes might solve this problem. Given the case
that no reference magnitude is available, still any plau-
sible value could be selected as the master event’s
magnitude to allow relative magnitude calculation as
a basis for b-value estimation. A method to calculate
relative magnitudes without a reference magnitude is
discussed by Cleveland and Ammon (2015).
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