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Abstract
The risk assessment of buildings subjected to low-amplitude geothermal-induced (GI) seismic events relays
on the knowledge of fragility functions for serviceability and comfort, exposure models and input ground
motions. The latter must be specifically estimated for induced seismicity in geothermal reservoirs and dif-
fer substantially from those related to tectonic events. The modelling of the input ground motions has an
influence on the idealization of the buildings and the soil-structure interaction used for the risk assessment.
This contribution addresses open questions about the spectral characteristics and the predominant polariza-
tion of the low-amplitude short-duration signals, considering an exemplary seismic data set from the Insheim
geothermal reservoirs in Germany. It gives the seismological characteristics, the statistical evaluation of the
spectral content and the elastic response spectra for the selected events and sites, and the resulting practical
suggestions for the modelling of the input for building risk assessment in case of GI seismicity.

1 Introduction

Deep geothermal energy represents a sustainable energy supply and an alternative to fossil fuels, especially
for heating purposes. It is not affected by seasonal changes or weather conditions and exploitation activities
do not deplete it [1]. Its extraction involves boreholes with depths of more than 400 m. The borehole drilling
and the operation of a Geothermal Power Plant (GPP) can cause ruptures in the underground. In the injection
of could fluid in the well, the rock mass is subjected to injection pressures and thermal stress, which, in turn,
cause cracks processes. These induce microseismic activity in the nearby underground area [2]. In general,
the dominant value of moment magnitude for Geothermal-Induced (GI) events varies from 1 to 3; however, it
is not unexpected for GPPs induced earthquakes to have a more significant magnitude. In addition, the focal
depth of GPP earthquakes usually ranges from 1 to 10 km, depending on the local geophysical conditions
and the injection wells depth. Moreover, the epicenters of earthquakes are very close to the GPPs stations,
mostly less than 10 km [3].

For the optimal distribution of energy for heating, GPPs are usually located close to urban areas and, there-
fore, the microseismic activity can be felt by the communities even at low magnitudes [4]. It is important
to investigate the many uncertainty of this process and address the public concern about the occurrence of
perceptible induced seismicity at GPP sites. In Germany, several GPPs in Basel, Landau, Insheim and Un-
teraching have been in the spotlight of the community worry in the last decade. However, it must be pointed
out, that, when compared to all other types of seismicity, its risk is very low. In a large study on induced
seismicity in Central Europe, it was shown that, the maximum observed magnitude of induced seismicity at
geothermal sites is the smallest of the possible types of induced/triggered seismicity and significantly smaller
than the values for natural tectonic earthquakes for the investigated sites [4]. For GI events in Central Europe,
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Figure 1: Depiction of the problem.

the observed or predicted microseismic intensities are usually well below the range where structural damage
can occur [4]. However, comfort problems for the community can represent a limit for the operation of the
GPP, causing economic losses [3].

This contribution addresses one specific aspect related to GI seismicity, which is the characterisation of the
input ground motion for risk assessment of buildings subjected to low-amplitude GI seismic events.

It is recognized, that, for tectonic events, the frequency content, the duration and the direction of the seismic
action can play an important role for the building response [5]. However, for GI events, very limited knowl-
edge exists about the seismic building response, due to the very low impact of the microseismic activity.
Seismic hazard assessment models and ground motion models for GI have been proposed in recent stud-
ies [6, 7]. However, site-specific investigations are necessary for a more accurate assessment of the building
vibrations. The risk analysis for building subjected to induced seismicity requires an iterative modelling
process, as the detail degree of the building model depends on the type of excitation and, vice-versa, the
level of details for the modelling of the excitation depends on the sought analysis outcome. Moreover, the
wave propagation process from the seismic source to the building foundation can have a large influence on
the vibrational input at the foundation level. Fig. 1 depicts the general problem.

The main objective of this research work is to extend the knowledge about the input ground motion for GI,
by answering the following two questions:

1. Which spectral characteristics are exhibited by the low-amplitude signals related to the GI seismicity?
How do they influence the choice of the modelling of the building-foundation system?

2. Is there a predominant polarization of the seismic waves that could suggest a one-dimensional prob-
lem? Or is a three-dimensional behavior the only realistic scenario?

Using recorded data for the Insheim geothermal reservoir in Germany, this investigations shows the most
important seismological characteristics, the statistical evaluation of the spectral content as a function of
magnitude and site-to-source distance and the elastic response spectra for the selected GI events and stations.

2 Induced seismicity at the Insheim geothermal reservoir

The Upper Rhine Graben (URG) represent the most exploited area for geothermal energy production in
Germany, thanks to high geothermal gradient, where more than 150◦ are reached at depths of 2500 m in the
northern part of the URG. Tab. 1 gives the key data of the Insheim geothermal power plan. Even if the URG
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Table 1: Key data of the Insheim geothermal power plan.

Geothermal area Country Start date Lat (◦ ) Lon (◦ ) Max. well depth (m)
Upper Rhine Graben DE 2007 49.15 8.15 3800

is one of the most seismically active regions in Germany, the seismic risk is small to moderate compared to
the tectonic European scale. Since the begin of the activity of the Insheim and Landau geothermal reservoirs
in the URG in 2006, more than 2200 induced microevents have been detected in the vicinity of the reservoirs.
Among these, several events with a magnitude larger than 2 have been recorded in Insheim. [8]

2.1 Seismic networks in the vicinity of the Insheim GPP

The majority of these events has a local magnitudes M less than 1.0 and the largest event in Insheim had
a magnitude of ML≈ 2.4. Most of the events occurred along a fault zone between the injection and the
production wells and are aligned NNW-SSE [9]. The low signal-to-noise ratio causes difficulties for the
application of classical methods for tectonic earthquakes, for example for the localisation [10].

2.2 Seismic monitoring

Only few microevents in Insheim were perceived by the local population, but the public concern for the
large number of microevents led to a reduction of the production rate of the power plant and a long-term
seismic monitoring [8]. Near the GPP, there are several seismological networks and borehole stations from
public agencies and a private special immission data network for the recording of ground vibration velocities
according to the German DIN4150 standards [11]. To account for the high frequency content and short
duration of small events, the sampling rate is set to 200 Hz at most stations [8]. Tab. 2 gives the list of
selected past and current installed networks and corresponding stations.

Table 2: List of stations in the vicinity of the Insheim GPP and corresponding data information.

Operator Stations Network Availability Channel inventory

BGR[2]
INS1, INS2, INS3,

GR[12] Public (ORFEUS) Public (EIDA)[13]INS4, INS4B, INS5,
INS6, INS6B, INS7,
INS8, INS9, INSH,
LDAU, TMO20, TMO22,
TMO54, TMO55, TMO57,
TMO66

LER IMS, FACH, FSH,
- Public (contact) Public (contact)RIVT , ROTT, LDE

Private stations ST1, NOS2, SOS2 - Private Privateand Immission network
ETH Zurich A127A Z3 Public (ORFEUS) Public (EIDA)[13]

3 Ground motion samples for the Insheim area

This study considers only public data available from selected stations, which are shown in Fig. 2 along with
the location of the considered GPP. The data are retrieved from the ORFEUS database [14]. The following
steps led to the data retrieval:

1. create a catalogue of events of interest using, for example, the database of the local earthquakes of
the State Authority for Geology and Mining Rhineland-Palatinate (LGBRLP). Here, one can find all
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local events in Rhineland-Palatinate, Baden-Württemberg and within a distance of up to 1000 km from
these regions.

2. supply the event catalogue into the European Integrated Data Archive (EIDA) through the web inter-
face, which is integrated in ORFEUS [15].

3. select the stations of interest in the EIDA web interface. Here, all the stations in the region with latitude
between 49◦00’ and 49◦20’ and longitude between 7◦50’ and 8◦20’ were selected.

4. request wave forms relative to the supplied event start time and selected station and download raw data
in .mseed format.

Figure 2: Map of the selected stations for this study (blue dots) and location of the Insheim GPP (red dot).
See also Tab. 2.
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Figure 3: Geographical distribution of the selected events with the corresponding local magnitude M and
start time.

The 17 selected events have local magnitude values M from a minimum of 1.5 to a maximum of 2.4 and
occurred within a radius of 2 km from the Insheim GPP (lat.= 49.15◦, lon.= 8.15◦, see also Tab. 1 and
Fig. 2). After requesting the wave forms for the 17 selected events in ORFEUS, recordings of at least one
station were available only for 13 events. The events catalogue is shown in Tab. 3 in the annex and a number
is assigned only to the events with available recordings. The time is always given in terms of local time.
Fig. 3 shows the geographical distribution of the selected events with the corresponding local magnitude M
and start time.

The quality and reliability of the raw data was verified and improved with a wavelet denoising, baseline
adjustment and a high-pass filtering, as described in [16, 7]. This procedure was successfully implemented
in the past for both low-amplitude GI seismic recordings and low-intensity signals of the Iranian plateau. In
some cases, the stations are equipped with several sensors with different properties. These are identified with
channel codes after [17]. In the further discussion, for each event and for each station, we consider only one
recording in each direction (Z for vertical, N for north-south and E for east-west) with sample rate between
80 and 250 Hz and corner period < 10 s. Tab. 4 in the annex shows the list of recording stations for each
event.

After reviewing the processed available data, the ground motions for the event n. 4 with start time 2010/04/09,
12:36:33, recorded at the single station LDAU, showed incongruous transient behaviour and were discarded.
Therefore, the maximum magnitude considered in this study is 2.1. The usable data constitute a database
of 12 events and 94 sets of 3 recordings in Z, N and E directions. Fig. 4 shows an example of vertical
seismograms for the event n.9 with start time 2013/10/02, 12:36:33. One can observe the short duration of
the earthquake and the fast decrement of the amplitudes of the signals as the distance from the epicenter
increases. In the following section, aspects of the statistical evaluation of the database are discussed.
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Figure 4: Exemplary ground velocities vg(t) in m/s, in Z-direction, for the event n. 9 with start time
2013/10/02, 12:36:33. R gives the site-to-source distance in km. The maximum of the absolute of each
signal, max|vg| is given in m/s. The signals are sorted from the closest stations to the epicenter at the top to
the furthest at the bottom.
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Figure 5: Distribution of the magnitude of the selected events w.r.t. a) the event depth in km and b) the
distance form the GPP in km.

4 Ground motions elaboration

4.1 Events and ground motions characteristics

The events are characterized through the local magnitude M , the depth and the distance from the GPP. Fig. 5
shows that the majority of the events occur at 5 km depth and that the events with the highest magnitude are
the closest to the GPP. The distance from the GPP falls into a narrow interval between 0.5 and 1.5 km.

The ground motions are characterized through the site-to-source distance R in km, the Peak Ground Velocity
(PGV ) in m/s and the Peak Ground Acceleration (PGA) in m/s2, the Arias Intensity Ia in m/s and the
duration D in s. Fig. 6 shows the distribution of these parameters w.r.t the R parameter, for all the directions
of motion. The color of the dots represents the magnitude M . As expected, for larger distances from the
sources, the signals exhibit on average smaller PGV and PGA. The blue dots draw the lower bound, while
the green dots represent the upper bound of the descending curves. All the signals have a duration smaller
than 10 s, which, on average, is shorter than the duration of tectonic events. There is a slight tendency of
an increasing duration with increasing site-to-source distance R. Fig. 7 shows the distribution of the same
parameters w.r.t. the M parameter. The color of the dots represents the value of R. Referring to the German
standard DIN 4150-3 [11], in order to exclude possible damage to normal residential buildings, the ground
velocities at the foundation should not exceed the value of 5 mm/s [18]. This value was exceeded only for
the single case of M = 2.1 and R = 2.5, as shown in the plots.

4.2 Spectral content of the ground motions

The spectra of the recordings help to identify the frequency range of interest and possible amplification
effects. The resultant in the horizontal direction is computed as the geometric mean of the spectral ordinates
of the two as-recorded horizontal components E and N . This is acceptable as long as the ground motion
directionality is small, which is assumed in this study. Fig. 8 shows the spectra of the horizontal resultants of
the recordings sorted according to 3 categories for the distance R (R ≤3 km, 3 km< R <5 km,R ≥5 km).
For each category, the spectra of the single events and the average are shown. Fig. 8a and Fig. 8b show
the recordings of the event with M ≥ 1.9 and M < 1.9 respectively. The same is shown for the vertical
components in Fig. 9. In general, the maxima of the spectra are concentrated in the range between 1 and
40 Hz, as also found in [18]. The maxima of the horizontal spectra are rather concentrated in a narrow
frequency range below 15 Hz, while the vertical spectra are spread over a broad frequency band up to 30 Hz.
As many natural bending modes of ceiling for residential buildings have frequencies between 10 and 40 Hz,
the broad band vertical spectra indicate a possible activation of those modes and the vertical vibrations of the
ceiling could constitute a relevant contribution to the overall building response.
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Figure 6: Distribution of PGV , PGA, Ia and D as a function of the site-to-source distance R and for
different magnitudes M , indicated with different colors.

Figure 7: Distribution of PGV , PGA, Ia and D as a function of the magnitudes M and for different site-to-
source distances R, indicated with different colors.
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Figure 8: Absolute value of the spectra |vg| of the horizontal velocity resultant as a function of the site-to-
source distance R and magnitude M : a) M ≥ 1.9, b) M < 1.9. The thin lines represent each single resultant,
while the thick lines represent the mean for each distance category (R ≤3 km, 3 km< R <5 km,R ≥5 km).

Figure 9: Absolute value of the spectra |vg| of the vertical velocity as a function of the site-to-source distance
R and magnitude M : a) M ≥ 1.9, b) M < 1.9. The thin lines represent each single resultant, while the
thick lines represent the mean for each distance category (R ≤3 km, 3 km< R <5 km,R ≥5 km).
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Figure 10: Elastic response spectra for the horizontal ground motions resultants as a function of the site-to-
source distance R and magnitude M : a) M ≥ 1.9, b) M < 1.9. The thin lines represent each single resultant,
while the thick lines represent the mean for each distance category (R ≤3 km, 3 km< R <5 km,R ≥5 km).

Figure 11: Elastic response spectra for the vertical ground motions resultants as a function of the site-to-
source distance R and magnitude M : a) M ≥ 1.9, b) M < 1.9. The thin lines represent each single resultant,
while the thick lines represent the mean for each distance category (R ≤3 km, 3 km< R <5 km,R ≥5 km).
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Figure 12: Vertical-to-horizontal (V/H) ratios as a function of the site-to-source distance R and M ≥ 1.9:
a) computed from the ground velocities, b) computed from the response spectra. The thin lines represent
each single ratio, while the thick lines represent the mean for each distance category (R ≤3 km, 3 km<
R <5 km,R ≥5 km).

4.3 Elastic response spectra

Fig. 10 and Fig. 11 show the elastic response spectra for the ground motions as a function of the site-to-
source distance R and magnitude M , for the horizontal and vertical direction respectively. For the horizontal
direction, there is a clear separation between the spectra of the different R-categories and the curves are
very smooth with maximum value around T=0.15 s. For the vertical direction, the curves for R ≤3 km and
3 km< R <5 km cross each other and overlap at different T -intervals. This indicates that, the increase of
vertical amplitudes with vicinity to the epicenter is not always confirmed. In some cases, the amplitude of
the spectra for 3 km< R <5 km exceed those for R ≤3 km. In vertical direction, the curves are less smooth,
showing also amplification effects at different periods between 0.05 s and 0.15 s.

4.4 Vertical-to-horizontal ratio of the ground motions

To further investigate the relationship between horizontal and vertical inputs and responses, the vertical-to-
horizontal ratio of the ground motions and the response spectra (only for M ≥ 1.9) is analyzed.

Fig. 12a shows the V/H ratio computed from the ground velocities. This is lower than 1 for frequencies below
10 Hz, but, at frequencies higher than 15 Hz, can approach values as high as 6, especially for near-source
recordings (R ≤3 km). Fig. 12b shows the V/H ratio computed from the elastic response spectra. At periods
longer than 0.3 s, the ratio is approximately constant and generally less than 1. The maxima occur at periods
between 0.01 and 0.1 s, following the trend of the V/H ratios for ground velocities, and can reach values of
3 for small R values. The smaller is R, the steeper is the decrease of the curves around the period T ≈0.6 s.
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5 Conclusions

This contribution is concerned with the characterisation of the ground velocities for low-amplitude seismicity
induced by geothermal operations, focusing on the seismological characteristics, the statistical evaluation of
the spectral content and the elastic response spectra, for the case study of the Insheim geothermal reservoir
in Germany,

It is shown, that the frequency ranges with maximum spectral amplitudes are different for the horizontal and
vertical directions: the maxima of the horizontal spectra are concentrated in a narrow frequency range below
15 Hz, while the vertical spectra are spread over a broad frequency band up to 30 Hz. The latter aspect is
particularly relevant because the fundamental modes of the vertical vibrations of the ceilings fall into the
range of maximum vertical ground velocities.

It was found, that the V/H ratio strongly depends on the natural period and it is larger for periods below 0.1 s,
following the trend of the ratio between the vertical and horizontal ground velocity spectra.

It can be concluded, that the vertical and horizontal components of the ground velocities are characterised
by different frequency contents and could be treated separately: at frequencies above 15 Hz, the vertical
component dominates the response, while at frequencies below 10 Hz it is clearly smaller than the horizontal
one.

Future developments of these study will focus on extending the database for the Insheim geothermal reservoir
and add new data from the Molasse basin in Bavaria, Germany.
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Appendix

A List of selected events and stations for the Insheim area

Table 3: List of selected events for the Insheim area.

Nr. Origin Time Mag. Lat. Long. Depth [km]
- 2009-05-08T19:23:18 2.1 49.150 8.160 3
- 2009-05-08T20:33:09 2.0 49.150 8.150 3
- 2009-05-08T22:28:32 2.0 49.160 8.150 3
1 2009-10-18T19:12:12 1.5 49.148 8.164 5
2 2010-04-07T09:04:04 1.6 49.140 8.160 5
3 2010-04-07T13:46:21 1.7 49.140 8.160 5
- 2010-04-09T10:52:22 2.4 49.150 8.151 5
4 2010-04-09T12:36:33 2.2 49.148 8.157 5
5 2012-11-12T11:15:04 1.8 49.143 8.160 5
6 2012-11-12T12:53:02 1.5 49.141 8.157 5
7 2013-01-26T19:48:27 1.8 49.159 8.153 5
8 2013-02-17T20:07:15 2.0 49.161 8.152 4
9 2013-10-02T01:13:26 2.1 49.162 8.152 4
10 2013-11-18T12:54:15 1.5 49.144 8.146 6
11 2013-11-21T14:15:22 1.9 49.150 8.154 5
12 2016-02-12T06:26:04 1.7 49.146 8.150 5
13 2016-07-14T17:49:10 1.9 49.150 8.156 5

Table 4: Matrix of the stations which recorded the events, where each cross represents a set of 3 recordings
in the 3 directions (Z, N , E). The cross between brackets indicates a discarded set of recordings.

StationEvent 1 2 3 4 5 6 7 8 9 10 11 12 13
INS1 x x x x x x
INS2 x x x x x x x
INS3 x x x x x x x x x
INS4 x x x x x x x
INS4B x x
INS5 x x x x x x x x x
INS6 x x x x x x x
INS6B x x
INS7 x x x x x x x
INS8 x x
INS9
INSH x x x x x x x x x
LDAU x x x (x)
TMO20 x x x x x
TMO22 x x x x
TMO54 x x x x x
TMO55 x x x x x
TMO57 x x
TMO66 x x
A127A x
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