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Long-Term Monitoring of Induced Seismicity
at the Insheim Geothermal Site, Germany

by L. Kiiperkoch, K. Olbert,” and T. Meier’

Abstract Induced seismicity associated with the geothermal power plant at
Insheim (Germany) has been continuously analyzed using a combination of perma-
nent and temporary stations since 2012 over a time span of more than 4 yrs. More than
600 induced events have been detected and located. The largest event had a magnitude
of M = 2.4. Accurate locations are crucial for understanding the behavior of the res-
ervoir. An initial velocity model derived from vertical seismic profiling (VSP) turned
out not to be appropriate for the location of induced events. Location uncertainty was
reduced by probabilistic earthquake locations using an optimized minimum 1D veloc-
ity model. Resolution was further increased by relative relocation based on differential
travel times obtained from absolute P- and S-phase onset readings, as well as from
waveform cross correlations. The initial absolute location errors decreased from
500 m horizontally and ~1000 m vertically to ~300 and ~500 m, respectively. Clus-
ters of similar events were detected by waveform cross correlation. The average differ-
ence in the relative locations between highly similar events amounts to about 50 m,
yielding independent support for the relative location error estimate. Most of the
events occur along a fault zone in the basement connecting the injection and the pro-
duction wells. Interestingly, one cluster including the largest event occurred close to
the production well. In addition, locations of induced events hint at the activation of
formerly unknown conjugated fault zones. Derived fault-plane solutions of selected
induced events confirm this interpretation and agree well with the regional stress
regime. The seismically activated volume increased within 1 yr to its final volume
of ~1.65 x 10° m? and remained more or less constant. Seismic activity correlates
strongly with injection rates and increases in case of unexpected shut-ins.

Electronic Supplement: Figures showing visualization of the 3D model derived
from various 2D seismic campaigns, comparison between local magnitudes derived
by the local earthquake survey (Landesamt fiir Geologie und Berbau Rheinland-Pfalz
[LGBRP]) using calibrated stations and Wood—Anderson magnitudes derived by
BESTEC GmbH using seismic stations of the Insheim network, magnitude scaling,
applied quality assessment to derive onset time uncertainties, ray coverage of the In-
sheim reservoir, the results of the stability test of the inversion, and location uncer-
tainties of a well locatable as well as of a less constraint induced seismic event.

Introduction

Deep geothermal energy (or deep-heat mining) has the
potential to contribute significantly to the change from con-
ventional energy supply to renewable energy (e.g., VanWees
et al., 2014). However, besides the high costs for drilling and
the risk for nonsuccessful wells, induced seismicity accompa-

*Also at Institute of Geosciences, University of Kiel, Otto-Hahn-Platz 1,
24118 Kiel, Germany.

nying deep geothermal projects turned out to be the key point
for damping the boom of deep-heat mining projects, at least in
central Europe. Because felt earthquakes were induced in
Basel 2006 (Héring et al., 2008), Landau 2009 (Bonnemann
et al., 2010), and St. Gallen 2013 (Diehl et al., 2017), the
acceptance for this energy source by the population has been
challenged. Because of this, the main goal for geothermal
power plant (GPP) operators is to avoid perceptible seismic
events, whereas the flow rates have to be large enough for
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an economic operation of the GPP. To avoid induced seismic-
ity of larger magnitudes, it is necessary to understand the in-
terdependencies between operation parameters (injection flow
rate, injection pressure, injection temperature, injected
volume, etc.) and the response of the reservoir. Crucial is
the accurate location of induced seismic events.

Locating induced and thus shallow earthquakes still re-
mains a challenging topic, especially in regions with complex
subsurface structures. Furthermore, it is difficult to quantify
the location uncertainty because source time and hypocenter,
as well as an appropriate velocity model, are not known a pri-
ori. The uncertainty of earthquake locations is dominated by
(1) measurement errors of seismic arrival times, (2) modeling
errors of calculated travel times, and (3) the nonlinearity of the
so-called “coupled problem of earthquake location and veloc-
ity model” (Kissling et al., 1984; Husen and Hardebeck,
2010). According to Husen and Hardebeck (2010), measure-
ment errors of arrival times that define the precision of the
earthquake location described by the error ellipsoid of the
earthquake location are referred to as the formal error; mod-
eling errors of calculated travel times define the accuracy of
the earthquake location and are mostly unknown. The accurate
location of induced seismicity within the framework of deep-
heat mining is of importance for the operator.

Within petrothermal systems, the induced seismicity is
(1) a tool for creating heat-exchanger surfaces and (2) a tool
for controlling the extent of the fluid paths within the primary
dry rock matrix (e.g., Niitsuma et al., 1999). Within hydro-
thermal systems, where natural fluids and fluid paths with
sufficient permeability are available, the main aspect for ac-
curate location is to control the extent of the seismically ac-
tive volume and to distinguish between natural and induced
seismicity (Dahm er al., 2012). Both aspects are also of in-
terest for petrothermal systems discussed here. Moreover, the
location of a seismic event influences the determined mag-
nitude and the calculated source mechanism that are, besides
earthquake location, part of the so-called reservoir charac-
terization. For reliable reservoir characterization, earthquake
location uncertainties should be below a few tens of
meters (Kinnaert er al., 2016). However, Kinnaert et al.
(2016) have shown that only a 5% uncertainty in the refer-
ence 1D velocity profile might lead to location uncertainties
up to 650 m.

Here, using data obtained by long-term monitoring at the
Insheim GPP, we discuss the earthquake location accuracy, the
influence of velocity models, and propose a workflow for
the location of induced events at geothermal reservoirs, in-
cluding the relative relocation of a cluster of similar events.
We further relate the locations and the source mechanisms
to the fine-scale structure of the reservoir and discuss the spa-
tiotemporal evolution of the induced seismicity.

The Geothermal Power Plant Insheim

The Insheim GPP is located in the central upper-Rhine
graben (URG) close to Landau/Pfalz, Germany (Fig. 1),
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where the first hydrothermal power plant started operating
in 2007. Energy production started in October 2012, and
since then, besides a larger downtime at the beginning of
2013 due to a pumping failure and some minor downtimes
due to revisions, the plant is continuously operating. Power
generation of up to 4.8 MW is achieved by an Ormat-ORC
(Organic-Rancine-Cycle) system with Isopenthan as work-
ing media. At the production well GtI2, fluid is pumped out
by a liner-shaft pump with a 600 m liner (Fig. 2). After heat
exchanging, the fluid pressure is still sufficient for reinjecting
the fluids into the injection wells Gtlla/b (Fig. 2). The In-
sheim project is based on a multiformations reservoir con-
cept (Baumgirtner and Lerch, 2013). The two wells Gtlla
and GtI2 were drilled to 3.42 and 3.67 km depth in 2008
and 2009, respectively. Furthermore, to increase the injectiv-
ity index and to minimize the risk of larger induced seismic
events, a sidetrack GtI1b was drilled in 2010 out of GtI1 from
a 2.6 to 3.6 km depth. The open-hole sections of ~1000 m
length are composed of fractured permo-triassic sediments
and porphyritic basement. Fluid temperatures are above
160° C, with production flow rates between 60 and 70 /s,
whereas injection flow rates are ~5 1/s less. Though planned
production flow rates of 80 I/s have not been reached yet
because of limited productivity of the production well, the
power plant operates economically, due to a high amount of
yearly production hours and a very good injectivity of the
injection well that makes the use of an injection pump redun-
dant and thus reduces the internal power consumption.

Because of favorable geological conditions, several
deep-heat mining projects have been carried out in the URG.
Besides the above-mentioned GPP Landau, which generates
power up to 3 MW, the first operating hot dry rock (HDR)/
enhanced geothermal system (EGS) power plant started at
Soultz-sous-Foréts at the western boundary of the URG
between Strassbourg and Karlsruhe in 1987 as a research
project and generates up to 2.1 MW power (Fig. 1, Orywall
et al., 2009; Mergner et al., 2012). Approximately 20 km to
the north of Karlsruhe in Bruchsal, a hydrothermal power
plant started operating in 2009, generating power up to
0.5 MW based on a Kalina process (Kolbel et al., 2010;
Mergner et al., 2012). Close to Rittershoffen (northern
Alsace, France, see Fig. 1), another geothermal project was
initiated in 2011. This joint venture project is designed to
deliver heat power of 25 MW through a 15 km transport loop
from the drill site to the Rouquette Freres biorefinery in
Beinheim (Baujard et al., 2014).

Tectonic Settings

The URG is the part of the almost north—south trending,
~300-km-long European Cenozoic rift system in central
Europe (Ziegler, 1992). Insheim is located close to the
southern transfer zone that separates the northern URG from
the southern URG (Derer et al., 2005). The URG underwent
three main subsidence episodes during the late Eocene to
Early Oligocene, Latest Oligocene to Early Miocene, and
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Figure 1.

Upper-Rhine graben in southwest Germany. The geothermal power plant (GPP) Insheim is located close to Landau (~5 km

airline distance). The background seismicity of the years 2012-2015 recorded by the regional earthquake survey is indicated by small circles.
Induced seismicity at GPP Landau and GPP Insheim has partly been recorded by the regional earthquake survey.

Pliocene to Quaternary that partly exceeded, in total, 3.5 km
that are mainly compensated by sediment filling (Derer et al.,
2005). Intense Cenozoic faulting and Tertiary extension re-
sulted in complex subsurface, graben, and horst structures that
are delimited by synthetic and antithetic faults, striking pre-
dominantly north—south to north-northeast—south-southwest
(e.g., Schumacher, 2002). Four larger steeply dipping fault
zones (yellow, green, blue, and red in () Fig. S1, available
in the electronic supplement to this article) have been identi-
fied by 2D seismic campaigns in the target area (Misiek et al.,
2009). The top of the granite basement in the vicinity of
Landau and Insheim is located at depths between 2600
and 3400 m.

At depths of about 3000 m, the URG shows the strongest
thermal anomaly in Germany, with temperatures above 160° C
and distinct heat anomalies at Soultz-sous-Foréts (northern
Alsace, France) and Landau (Pfalz, Germany) caused by as-
cending hot thermal water within a large groundwater convec-
tion cell. It is assumed that fluid transport responsible for
hydrothermal heat redistribution in the sediments occurs
mainly on rift and fault zones (Schellschmidt and Clauser,
1996; Pribnow and Schellschmidt, 2000).

The seismicity inside the rift and its boundaries is mostly
moderate, with few events My > 5 in the last 1000 yrs (Ley-
decker, 2011). The strongest known earthquake occurred in
1356 in Basel, with an estimated macroseismic intensity
of IX and an estimated seismic moment magnitude
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M,, ~ 6.7-7.1 (Fah et al., 2009; Leydecker, 2011). Recently,
in the central URG an M 2.8 earthquake occurred at a lower
crustal depth of about 22 km north of Speyer in February
2005, followed by two shallow thrust-faulting events with
M; 2.4 and 1.5 on the rift shoulder south of Heidelberg in
March 2005 (Ritter et al., 2005; Fig. 1). The most recent natu-
ral earthquake in the vicinity of the Insheim GPP that might
have been felt by the population occurred in 21 August 2016
close to Herxheim, with a magnitude of M 1.2 (see Data and
Resources).

Seismic Monitoring Network

A dense local seismic monitoring network has been
deployed around Insheim, consisting of a high-gain network
for monitoring microseismicity and a low-gain network for
vibration measurements in buildings, in case of larger events.
The low-gain network consists of 13 stations with 4.5 Hz
three-component geophones and a Summit VIPA acquisition
system (see Data and Resources). An event is detected by the
low-gain network if a certain threshold (station specific be-
tween 0.01 mm/s < thshld < 0.1 mm/s) is exceeded. Thus,
these stations provide waveforms only for larger events that
might be felt by the population. The permanent high-gain
network consists of nine permanent three-component sta-
tions (reduced to six permanent stations since March 2014)
operated by the GPP (Pfalzwerke GmbH) and three perma-
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Figure 2. Seismic monitoring network consisting of initially 9 (reduced to 6 since March 2014) permanent and 30 temporary stations.

nent borehole stations operated by the regional earthquake
survey (Landesamt fiir Geologie und Berbau Rheinland-
Pfalz [LGBRP]). About 15 temporary stations were de-
ployed at Insheim by the Federal Agency for Geosciences
and Resources (Bundesanstalt fiir Geowissenschaften und
Rohstoffe [BGR]) within the collaborative research project
MAGS2 (Microseismic Activity of Geothermal Systems,
Wegler et al., 2017). The permanent stations operated by
the GPP are equipped with Giiralp 1 Hz Seismometers
(CMG-6T) and Giiralp acquisition systems. The three bore-
hole stations are equipped with Lennartz-1Hz borehole
seismometers (LE-3D/BH) at 76, 325, and 120 m depth, re-
spectively. The data of these permanent stations are digitized
at 100 Hz (200 Hz in case of the borehole stations) and trans-
mitted via a mobile communication network to the data
center at BESTEC GmbH, Landau. Events are automatically
detected in near-real time by an enhanced short-term
average/long-term average trigger and are automatically lo-
cated using a collapsing grid-search algorithm (Applied Seis-
mology Consultants, 2014). 400 Hz data are stored on-site on
hard disks and are collected monthly for further offline data
processing. The temporary stations of the BGR consist of
Lennartz-3D Lite short-period sensors and Quanterra digi-
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tizers. One station is equipped with an STS-2.5 broadband
seismometer. Data of the LGBRP and BGR stations are
sampled at 200 Hz and are available in near-real time via
SeedLink protocols or offline via ArcLink protocols. Figure 2
shows the seismological network, the GPP Insheim, and the
landing points of the boreholes.

Induced Earthquakes at the Insheim
Geothermal Reservoir

Nearly all deep geothermal reservoirs show induced
seismicity, with fluid injection into crystalline rocks being
more seismogenic than fluid injection into sedimentary rocks
(e.g., Evans et al., 2012). Though operating at low injection
pressures (~12 bars), the GPP Insheim generates seismicity,
as is the case for other hydrothermal low-pressure GPPs
(Megies and Wassermann, 2014). The temporal distribution
of induced microseismicity at the Insheim reservoir clearly
correlates, between October 2010 and December 2015, with
the injection of fluids (Fig. 3). The GPP Insheim started
operating on 13 October 2012. The first induced seismicity
was observed on 20 October 2012. A first period of stronger
seismic activity, with 84 detected induced events, occurred in
November 2012. From December 2012 onward, the seismic-
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Figure 3.  (a) Temporal distribution of seismic events and (b) corresponding operating parameters injection flow rate, injection temper-

ature, and injection pressure. Shaded areas are planned (green) and unplanned (pink) downtimes of the GPP. The cumulative number of
events is plotted on the right y axes. There is a clear correlation between seismicity rate and operation status; that is, downtimes and cor-
responding starting times of the GPP Insheim are followed by an increase of the seismicity rate.

ity rate declined. A power supply error forced the GPP
Insheim to stop pumping immediately. A felt earthquake of
M =~ 1.9 occurred 10 days after this sudden production stop.
Remarkably, this event was also recorded by the pressure
gauge in the well head of the production borehole. Therefore,
this event should have occurred close to the production bore-
hole. The location of this event is therefore roughly known,
and we will refer to it later as a reference event.

After restarting the GPP Insheim almost three months
later, the seismicity rate increased again but did not reach
the level of November 2012. Figure 3 shows that that every
startup of the GPP Insheim is accompanied by an increase in
the seismicity rate that drops again after a few days. How-
ever, the operation at constant flow rate is also sometimes
accompanied by induced seismicity that occurs predomi-
nately as earthquake swarms. Larger and possibly percep-
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tible induced events are not exclusively correlated to
downtimes or uptimes of the GPP Insheim.

Magnitudes have been calculated according to Stange
(2006) as the empirically derived magnitude—distance cor-
rection terms are applicable to earthquakes in the study area
with epicentral distances 10 km < A <1000 km. Magni-
tudes derived from recordings of the Insheim network show
an offset compared to the corresponding magnitudes re-
ported by the regional earthquake survey LGBRP. Thus, fur-
ther scaling has been applied to remove the systematic offset
of magntiudes (see () Fig. S2). The resulting magnitude of
completeness for the present earthquake catalog is M, ~ 0.4.
The largest induced events observed in the Insheim reservoir
within the presented catalog estimated magnitudes between
M 2.1 and 2.4. Compared to observed maximum magni-
tudes at other geothermal sites, the Insheim GPP falls into
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the lower third of this ranking below Basel (M{"®* = 3.4) and
Soultz-sous-Foréts (M{™* = 2.9), also located in the URG
(Zang et al., 2014). The largest observed magnitude associ-
ated with geothermal exploitation has been observed in The
Geysers, California, with a magnitude of M; = 4.6 (Majer
et al., 2007; Evans et al., 2012; Zang et al., 2014). Groos
et al. (2013) found that induced seismicity in the upper-
middle Rhine graben might be perceptible down to magni-
tudes of M|, > 1.2. Based on this estimation, 54 induced seis-
mic events listed in the current catalog might have been felt
by the population. This very low perception threshold is
caused by the shallow hypocentral depths and the unconsoli-
dated sediments in the graben. The amplitudes measured at
the surface are strongly site dependent, resulting in local
variations in station magnitudes of up to AM; = 0.7.

Routine Earthquake Locations

For automatic online data processing, only six perma-
nent stations (nine stations from October 2012 to March
2014) are available; for offline data processing, data of all
available stations of the Insheim network, including low-gain
and high-gain instruments, are used. All detections have been
manually reviewed, and P and S phases have been picked
manually. Quality measures have been assigned to all picks
(see (B Fig. S3). HYPOSAT (Schweitzer, 2001) is used rou-
tinely for locating earthquakes using a nine-layer velocity
model derived from offset-vertical seismic profiling (VSP)
measurements carried out in 2009 (Misiek et al., 2009).
We refer to it as the VSP velocity model. For the VSP mea-
surements, a three-component 15 Hz borehole sensor was
deployed at 10 different depth levels in the injection well,
whereas the sweep source (Vibrator AHV —1V) was de-
ployed at 6 different positions. Sweep frequencies were var-
ied from 20 to 70 Hz within 7 s (Misiek et al., 2009). The
sweep frequencies are similar to the dominant frequencies of
induced microearthquakes at the Insheim reservoir that range
from 10 to 50 Hz. The interpretation of the VSP measure-
ments complemented by a borehole-derived stratigraphy
and reinterpretation of a 2D seismic campaign in 1979 (Pra-
kla Seismos GmbH) yielded a 3D subsurface model of In-
sheim and adjacent areas (see () Fig. S1). The main
reflectors are (1) top of granite (2824-3537 m depth),
(2) top of Rotliegend (2431-3170 m depth), (3) top of red
sandstone (2182-2917 m depth), and (4) top of Muschelkalk
(2003-2668 m depth). Five main faults are identified, as well
as a large number of subfaults (Misiek et al., 2009). The main
faults strike north-northwest—south-southeast and dip between
55° and 60° to the west. Two faults (green and blue in (E)
Fig. S1) are intersected by the boreholes GTI1/2. The derived
1D velocity model is shown in Figure 4, and the average
Vp/ Vg ratio was found to be 2.0. The very high Vp/V ratio
is due to the very low S-wave velocities found in the vicinity of
Landau and Insheim (Eulenfeld and Wegler, 2016) and
accounts for the strongly unconsolidated sediments (very
often pure sand) in the shallow layers. A high-velocity zone
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Figure 4. From VSP measurements derived velocity model

(VSP velocity model) used for routine earthquake location in the
Insheim reservoir.

(HVZ) with P-wave velocities larger than that for granite is
found at a 2250 m depth that represents the Muschelkalk layer
(Fig. 4). The S-wave velocities are less well resolved by active
seismic exploration than the P-wave velocities; for example,
the high-velocity Muschelkalk layer is missing in the VSP
velocity model. Various studies showed the importance of
accurate S-wave velocity models especially for hypocentral
depth estimations (e.g., Gomberg et al., 1990).

To improve locations with the VSP velocity model, sta-
tion corrections have been calculated by comparing mea-
sured and theoretical arrival times of an assumed ground-
truth event, for which an absolute source position has been
assumed. This event correlated with the beginning of injec-
tion testing operations in the production well (Andrews and
Pettitt, 2009). The resulting hypocenter locations of well-lo-
catable events, for which at least eight picks are available and
for which the maximum azimuthal gap is < 180°, are shown
in Fig. 5a. From this figure, it becomes obvious that details of
the spatial distribution of the induced events cannot be re-
solved using these locations. The low quality of the velocity
model is also reflected by the relatively high root mean
square (rms) travel-time residual of rmspp = 1.2 s. Further-
more, the vast number of events are located between 7000
and 9000 m depth, which seems questionable because of
fluid injection and production stretches between 2400 and
3600 m depth, respectively. Though the epicenter of the
reference event is correctly found near the production well,
its depth is much too large. The application of the VSP veloc-
ity model is thus inappropriate for accurate earthquake loca-
tion at the Insheim reservoir because errors in the velocity
model lead to unrealistic travel times, especially for the S
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Epicenters calculated from (a) routine HYPOSAT earthquake location using VSP velocity model, from (b) VELEST inversion/

location, from (c¢) NonLinLoc-probabilistic earthquake location, and from (d) hypoDD-double-difference earthquake location in plan view
and cross sections along north-depth and east-depth profiles. Coordinates are relative to a reference point at borehole head GtLal, GPP
Landau. (b—d) are located using the new derived minimum 1D velocity model. Black ellipsoids indicate the estimated seismically active
volumes. Black crosses show the calculated centroid. The distributions of focal depths indicate the uplift of determined focal depths and the
shrinking of the seismically active volume with the various processing steps. Average depths of top of Muschelkalk and top of granite are

indicated by dashed black lines.

waves. A new optimal velocity model and new station cor-
rections for all available stations were calculated by joint in-
version for hypocenters and P- and S-velocity models using
the VELEST program (Kissling et al., 1994).

Methods
Initial Velocity Models

All available a priori information were gathered and put
into the initial starting models for the inversion using (1) the
2D seismic profiles from various campaigns in the vicinity of
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the borehole, (2) the offset-VSP measurements, (3) the stra-
tigraphy derived from four boreholes, and (4) near-surface
S-wave velocities from microzonation (Eulenfeld and We-
gler, 2016). The derived borehole stratigraphies reflect the
complex subsurface structure, because the granite basement
is ~1000 m deeper in Insheim than in Landau, though the
boreholes are only ~5 km apart from each other. Here,
we combine this information to derive nine starting models
for the inversion, using average values and their corresponding
standard deviations of the layer depths. For each depth level,
slow, fast, and average velocities are assumed (which yields
3 x 3 = 9 possible initial velocity models, Fig. 6). Following
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Kissling et al. (1994), the only layers that have been integrated
into the models are well resolved by controlled-source seis-
mology and have been correlated to the borehole stratigraphy
at the boreholes of the GPP Landau and the GPP Insheim.
Layers with similar velocities have been gathered into one
layer. No low-velocity zone (LVZ) was introduced into the
initial P- and S-wave velocity models.

Calculation of a Minimum 1D Velocity Model

An optimal 1D velocity model was calculated using
VELEST, a program to derive a so-called minimum 1D
velocity model that represents the best approximation of
the 3D subsurface structures by a 1D velocity model (e.g.,
Kissling, 1988). The derived station residuals account for
velocity heterogeneity not taken into account by the 1D
velocity model. VELEST solves the nonlinear, coupled hy-
pocenter-velocity problem through a linearized iterative ap-
proach. Within each iteration step, arrival times for direct,
refracted, and reflected waves are calculated, and the inverse
problem (the determination of a velocity model and the
source parameters) is solved by full inversion of the least-
squares (LSQR) Jacobi matrix (Kissling et al., 1994). For
the inversion, 441 well locatable events with 6810 P picks
and 6644 S picks of the routine locations were used ((E)
Fig. S3). However, important for a stable inversion is a dense
ray coverage in the region of interest. (E) Figure S4 shows the
distribution of 441 selected events for the inversion pro-
cedure and the ray coverage in the Insheim reservoir, which
has a sufficient density for the inversion purposes.

First, the inversion was done for each of the nine initial
velocity models using only P-onset times, because the P-on-
set times are assigned with higher qualities than the S-onset
times. As soon as the inversion procedure tried to implement
an LVZ, several LVZs with velocities between 300 and
800 m/s slower than the above layer velocity were tested.
However, because the Muschelkalk represents a HVZ, we
also tried several HVZs with velocities between 400 and
800 m/s faster than the velocity of the layer below, instead
of implementing an LVZ. Although the inversion with the
LVZ vyielded a minimum rms travel-time residual of
rmstt = 0.07 s, the inversion including a HVZ with a veloc-
ity 800 m/s faster than the layer below yielded a minimum
rms travel-time residual of rmstr = 0.04 s. This model was
then used for a joint P- and S-wave inversion, with a constant
Vp/ Vg ratio of 1.9 for the initial S-velocity model (Fig. 7).
The resulting model is less complex than the VSP velocity
model, brecause only the most distinct layers with a sharp
impedance contrast are taken into account, which can be as-
signed to (bio)stratigraphic beds.

To test the stability of the joint hypocenter inversion and
to proof the complete sampling of the solution space, we ran-
domly shifted the hypocenters from the locations obtained
with the minimum 1D model. Then, we reintroduced them
into the inversion to test the robustness of the new velocity
model. () Figure S5 shows that only a small systematic shift
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Figure 6. TInitial (dashed) and final P-velocity models (straight,
gray lines) after VELEST 1D inversion. For comparison, the VSP
velocity model is shown (blue line). The optimum P-velocity model
showing the lowest root mean square (rms) travel-time residual is
shown in red. This model is further used for the joint P-/S-wave in-
version. Initial velocity models did not include a low-velocity zone.

(on average about 450 m in the difference of the hypocenters)
remains after the inversion between original and reshifted
hypocenters, respectively. However, the stability test reveals
that hypocentral depths are less constraint than epicentral
locations.

Probabilistic Hypocenter Relocation

After determination of an optimal velocity model and
corresponding optimized station corrections, the induced mi-
croearthquakes were relocated using the nonlinear probabi-
listic earthquake-location program NonLinLoc (Lomax
et al., 2000). This software is based on the probabilistic for-
mulation of nonlinear inverse problems (Tarantola and Val-
ette, 1982). It provides a direct analytic calculation of the
maximum-likelihood source time by reducing the 4D prob-
lem (x,y,z,t) to a 3D problem (x,y,z). Furthermore, it
determines a maximum-likelihood hypocenter, that is, a global
minimum of the misfit function of the location-likelihood
function using meshgrid algorithms. A 2D slowness grid was
used with 2000 nodes in the east and north directions and
1000 nodes in the Z direction. The probabilistic density func-
tion for the spatial location and the origin time were computed
with an oct-tree importance-sampling algorithm.

® Figure S6 shows the resulting error ellipsoids, the
Gaussian estimates of the locations, and, as an example,
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the maximum-likelihood locations of two events with different
numbers of onset times (green). For reasons of comparison,
the error ellipsoids of the same events based on the VSP veloc-
ity model and old station corrections are also shown in blue.
While the location of the event showing small error ellipsoids
is based on 72 onset times (M = 2.0), the location of the
event showing the large error ellipsoid is based on only 21
onset times (M; = 0.4). Especially, the hypocentral depth of
the latter event is much less constrained, showing an uncer-
tainty of ~1 km, whereas the well-constrained event shows a
hypocentral depth uncertainty of ~500 m. For both events, the
error ellipsoids based on the VSP velocity model (blue) are
much larger, indicating that the new velocity model is more
reliable.

Double-Difference Hypocenter Relocation

In a last processing step, the determined maximum-like-
lihood hypocenters were improved by relative relocation,
using the program hypoDD (Waldhauser and Ellsworth,
2000). Geiger'’s iterative location method for calculating ab-
solute earthquake locations (Geiger, 1912) is extended in hy-
poDD, because this program minimizes the misfit between
observed and calculated travel-time differences of event
pairs, rather than the difference between observed and calcu-
lated travel times of single events. However, to apply this
method, the following assumptions have to be fulfilled:
(1) the hypocentral separation between two events must
be small compared to the event—station distance and to
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the length scale of velocity heterogeneities, respectively,
and (2) a homogeneous velocity structure within the source
region is assumed. The adherence of these assumptions is
justified for the induced seismicity recorded by the dense
seismic network at Insheim. The use of double-difference
travel times diminishes the influence of velocity hetero-
geneities, which avoids the need of station corrections. Rel-
ative travel times are calculated from neighboring events
found with a nearest-neighbor approach from absolute travel
times as well as from cross correlations of P- and S-wave
phases. For the nearest-neighbor approach, a maximum dis-
tance of 15 km was adjusted (MAXDIST in hypoDD). The
search radius was set to 0.5 km (MAXSEP in hypoDD),
and a maximum number of 20 neighboring events was al-
lowed (MAXNGH in hypoDD). Only neighbors that are
linked with at least eight phase pairs (MINLINK in hypoDD)
are considered to reach that number. For each event pair, a
minimum of 8 observations (MINOBS in hypoDD) and a
maximum of 30 observations (MAXOBS in hypoDD) were
required. For details on these parameters, see Waldhauser
(2001). The cross correlations are calculated for time win-
dows of 0.6 s for P phases and 1 s for S phases, such that
the full phase waveforms are included. Relative arrival times
between events are considered if the waveform similarity ex-
ceeds cross-correlation coefficients (CC) of CC > 0.8. This
threshold is large enough to ensure a high similarity of the
events and low enough to obtain a large quantity of 185,000
relative travel times. The conjugate gradient method (LSQR,
Paige and Saunders, 1982) was used to minimize the double-
difference residuals for pairs of earthquakes at each station.

Results

Because of the presented workflow, the location uncer-
tainty decreased significantly. The initial, provisional, and fi-
nal results of hypocenter determinations using HYPOSAT,
VELEST, NonLinLoc, and hypoDD are shown in Figure 5,
respectively. After solving the coupled problem hypocenter
determination—velocity model, the resulting minimum 1D
velocity model is less complex and more similar for P- and
S-wave velocities. The P-wave velocity of the Muschelkalk is
now lower than that for granite, and the Muschelkalk is now
also visible in the S-wave velocity model. The rms travel-time
residual is reduced from rmspt = 1.2 s to rmsyr = 0.06 s,
which corresponds approximately to the average uncertainty
of the P picks (see (B) Fig. S3). Figure 8 shows the significant
decrease of the individual P-wave and especially the S-wave
station residuals. It is assumed that possible building re-
sponses are captured by the derived station corrections for sta-
tions located in buildings. The overall signs of station
corrections remain the same for the VSP velocity model and
the new minimum 1D velocity model. They hint at local
heterogeneity, for example, in the western part of the
study area.

The spatial distribution of the induced seismicity
changed significantly from a more or less random distribu-
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(a) Root mean square travel-time residuals of P-onset times and (b) rms travel-time residuals of S-onset times. To the left,

station residuals found using the VSP velocity model; to the right. station residuals found using the new, minimum 1D velocity model. The
size of the circles is proportional to the rms residual; black circles indicate positive rms residuals (7, — Ty > 0, model faster than

observation); gray circles indicate negative rms residuals (7ps —

tion to clustered hypocenters. The scatter in the hypocenter
locations is reduced significantly and collapsed to four main
clusters. Average hypocentral depths are lifted up from
8000-7000 m to 4000-2500 m (Fig. 5b). The reference event
is lifted up from 7820 to 3700 m and is now located within a
cluster close to the production well. Following Michelini and
Bolt (1986), the seismically active volume has been esti-
mated by calculating ellipsoids from the location-spread ma-
trix, using principal component analysis. From that, the
estimated, seismically active volume decreased from
1.7 x 10'° m? to 8.82 x 10° m? (compare Fig. 5a with 5b).

Subsequent application of NonLinLoc changed the pic-
ture of the observed induced seismicity further. The recalcu-
lated hypocenters are more strongly clustered, with less
outliers (Fig. 5c). The cluster containing the reference event
is shifted upward to a depth of #2600 m. The estimated ac-
tive seismic volume decreased further to 5.48 x 10° m’.
Nearly all hypocenters are now located below the top of
the Muschelkalk and not below 6500 m hypocentral depth.
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T cae <0, model slower than observation).

The final double-difference relative location result is
shown in Figure 5d. The location uncertainties are further re-
duced from rmspr = 0.06 s to rmspr = 0.03 s. Nearly the
entire seismicity is now located in the granite, and only
few events might have occurred in the above-consolidated
Rotliegend sediments. The majority of earthquakes are located
between 4000 and 4500 m depth. The reference event is now
located realistically at about 3800 m depth in the very vicinity
to the bottom of the production well. The entire seismically
active volume decreased significantly to 1.65 x 10° m?.
The centroid (equal to the center of mass) is shifted to shal-
lower depths from 7900 to 4200 m but changed only slightly
in horizontal directions.

Waveform Similarity Analysis

A waveform similarity analysis has been performed to
test the location accuracy and to detect clusters of similar
events. Cross correlations between events are calculated
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station-wise in a time window including both the P and S
waveforms. As a result, 20 groups of similar events are iden-
tified, each with events showing CC > 0.7 (see Table 1).
About 340 out of 406 of the relocated events are assigned
to event clusters, each marked by an individual color in Fig-
ure 9. Six main seismicity clusters are resolved: one cluster
exactly at the production well including the largest observed
events, one cluster to the west of the production well, one
large cluster in the center of the reservoir, two clusters in
the vicinity of the injection wells, and one small cluster to
the east of the injection wells. However, the clusters of sim-
ilar events between the injection and the production wells are
spatially less distinct than the ones located at the production
and injection wells, respectively (Fig. 9).

Events belonging to individual clusters are located in
immediate vicinity to each other. Relocated hypocenters
of events with similar waveforms having CC > 0.7 show
a median offset of 80 m. For higher similarities, CC > 0.9,
and the median hypocenter difference between events
belonging to the same cluster decreases to less than 50 m.
Assuming that the Green’s function has a minor influence
than the source function, this analysis additionally reveals
the robustness of the location procedure and the significantly
enhanced location resolution.

Discussion

The described optimization of the velocity model and the
subsequent absolute and relative relocations of induced seis-
micity at the GPP Insheim revealed that the direct use of veloc-
ity models derived from active-source methods might be
insufficient for reliable hypocenter determination. This has
also been shown for induced seismicity at St. Gallen (Diehl
et al., 2017). Nevertheless, active-source methods are neces-
sary for setting up initial velocity models and to analyze the
subsurface structure in the vicinity of a GPP. In contrast,
Maxwell and Young (1993) found a good agreement between
controlled-source and passive-source velocity images. How-
ever, Maxwell and Young (1993) were able to use controlled
seismic sources in the immediate vicinity of induced seismic-
ity in a mine. At Insheim, source—receiver geometries used for
VSP measurements differ considerably from source—station
geometries of induced microearthquakes. This is likely the
main reason for the VSP velocity model to be inappropriate
for reliable hypocenter determination.

One limiting factor in this study might be the hetero-
geneity of the used data set, because the number of available
P- and S-onset times varies between 8 and 36. The influence
of station geometry and the number of available S-onset
times has been shown in varies studies (e.g., Gomberg ef al.,
1990; Husen and Hardebeck, 2010; Kinnaert et al., 2016).
Application of the presented method only on larger events
with, for example, at least 30 available P-onset times is not
possible, because then only too-few events remain for a joint
hypocenter inversion. On the other hand, it might be neces-
sary to include especially very weak events that might play
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Table 1

Quantity of Seismic Events in 20 Differentiable Seismic
Clusters at the Insheim Reservoir with Cross-
Correlation Coefficients CC > 0.7

Cluster Number Number of Seismic Events

1 23
2 8
3 30
4 21
5 11
6 6
7 13
8 26
9 13
10 25
11 22
12 5
13 12
14 12
15 9
16 23
17 12
18 34
19 24
20 11

an important role as precursors of larger and thus well locat-
able events, to which the weak events might be relatively lo-
cated. However, the acquired data catalog with a magnitude
of completeness of M.~ 0.0-0.4 limits the options of
including such weak events. To reduce the magnitude of
completeness in densely populated regions with strong
anthropogenic noise, such as in Landau and adjacent regions,
it would be necessary to replace at least partly the surface
seismic network with a borehole seismic network.

The significantly improved location accuracy allows for
detailed analysis of the spatiotemporal evolution of the in-
duced seismicity, which is shown in Figure 9 with symbols
and colors gathered by clusters of induced events and origin
times grouped by quarters of years. During the early oper-
ation stage of the GPP, seismicity is induced in the vicinity
of the injection well and to the west of the production well.
The spatiotemporal evolution of the early seismicity indi-
cates a migration of seismic events from the injection bore-
hole toward the north-northwest along a known fault in the
direction of the production well. In addition, the cluster of
induced events indicate the activation of a former unknown
northwest—southeast-trending fault zone. This may indicate a
conjugated fault system to the known north—south faults that
is active only in the first months of the production. Seismicity
along this conjugated fault zone ceases after several months
of production, and induced events occur only along the
known north—south-directed fault zone (see (E) Fig. S1). This
orientation coincides with other known fault systems in the
central upper-Rhine graben (Peters and van Balen, 2007).

For selected induced microearthquakes with local mag-
nitudes M; > 1.1, fault-plane solutions (FPS) have been cal-
culated from first-motion polarities using the program HASH
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HypoDD-double-difference earthquake locations and fault-plane solutions of selected events in (a) plan view, (b) east—west
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P- and S-wave similarities CC > 0.7. (Right column) Colors indicate origin times grouped by quarters of years. Black lines represent fault
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(Hardebeck and Shearer, 2002). Only robust, quality-A FPS
(average misfit <0.15, rms fault-plane uncertainty < 25°
station distribution ratio > 0.5, mechanism probability
< 0.8, see the HASH manual for details) have been taken
into account. Robust FPS are available for at least one event
of cluster 1, 2, 3, 7, 8, 10, 18, and 20, respectively (Fig. 9).
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The majority of derived FPS shows north-northwest—south-
southeast-striking, oblique normal faulting, and correlates well
with the strike of the main known fault and the direction of Sy,
which varies between north-south and north-northwest—
south-southeast in the URG (Reiter et al., 2015). However,
a considerable variability is also present in the FPS: one event
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Time—distance plot of induced seismicity at Insheim GPP. (a) Source time versus distance to main flow zone of injection
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correlation coefficients CC > 0.7. The first event recorded after startup of the GPP Insheim is indicated with a black cross. The seismically
active volume reached its final size already shortly after startup and remained constant over the hitherto production time.

of cluster 1 shows an oblique normal faulting with north-
northeast—south-southwest striking (30.351.12) that might
indicate the activation of a crossing fault zone at the beginning
of production. Three events of cluster 3 show a steeply dipping
normal fault with nearly north—south striking (75.317.12,
77.317.12, and 125.328.12). One event of this cluster shows
a steeply dipping northwest—southeast-striking normal fault-
ing and coincides with the northwest-to-southeast-oriented
conjugated fault system (74.317.12). Furthermore, three
strike-slip events have been observed within cluster 10, 18,
and 20, respectively, and likely coincide with the northwest-
to-southeast-oriented conjugated fault system (60.269.15,
43.269.15, and 65.272.15). The FPS thus support the complex
geometry of the activated fault system revealed by the double-
difference relocation.

To evaluate the temporal evolution of the seismically ac-
tive volume, time—distance plots have been created relative to
the main flow zone of the injection well, as well as relative
to the main influx zone of the production well (Fig. 10).
The figure reveals no classical r—t plot, with r the triggering
front and ¢ the time from the injection start, as known from
injection experiments or stimulation procedures with one
point injectors (e.g., Shapiro and Dinske, 2009). The Insheim
reservoir is a hydrothermal system connected to a large fluid
reservoir within a highly fractured rock matrix with natural
fluid paths. This is different from classical HDR environ-
ments (e.g., Soultz-sous-Foréts), and a simple diffusion proc-
ess describing the migration of the trigger front cannot be
assumed. No exponential increase of the time—distance func-
tion that could be suitable for estimating diffusivity and thus
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hydraulic permeability (Shapiro and Dinske, 2009) is visible.
The final size of the seismically active volume has been
reached shortly after startup of the GPP and remained stable
during the production time (see Figs. 5 and 10). From the be-
ginning of operation, a considerable complexity in the spatio-
temporal distribution of induced seismicity (no simple
systematic migration of the seismicity from the injection wells
to the production well) is observed at the GPP Insheim. Indi-
vidual spatial clusters are activated at different times and
sometimes occur as earthquake swarms that have also been
found in a previous study by Grund et al. (2016). Interestingly,
cluster 1 consisting of 23 events, including the first recorded
event in the reservoir after startup of the GPP was activated
repeatedly, with a larger nonactive time period in 2014. Also
cluster 8, which includes the largest events recorded in the
Insheim reservoir and which is close to the production well,
was activated in 2013, starting with the magnitude 1.9 refer-
ence event after the pumping failure, and has been reactivated
repeatedly throughout the entire production time.

It is well accepted that fluid-injection seismicity occurs
when the pore-fluid pressure on a fault is increased, thus
reducing the normal stresses acting on the fault. If the fault
is favorably oriented with respect to the pending tectonic
stress field, the tectonic forces might lead to shearing of
the fault, resulting in a seismic event. At a first glance, it
might be contradictory to this model that seismic events
are also induced at the production well. At the production
well, the pore-fluid pressure is decreased. However, also
at the production well], the pressure gradient along faults
providing pathways for fluids is large, similar to the injection
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well. The fluids flow in the direction of the negative-pressure
gradient. Because the fluids have finite shear strength due to
a high degree of mineralization, the effective normal stress
on the fault can be reduced by the fluids by an amount that is,
however, lower than the pressure gradient caused by the pro-
duction well. If the effective normal stress gets lower than the
shear stress acting on the fault, a seismic event is induced.

Conclusions

Long-term observation and accurate location of induced
seismicity proved to be the key for understanding the be-
havior of the geothermal reservoir at Insheim in the central
URG. Application of the advanced processing chain
HYPOSAT = VELEST = NonLinLoc = hypoDD led to
highly accurate hypocenter locations of fluid-injection-in-
duced microearthquakes in the Insheim geothermal reservoir.
Using 6810 P picks and 6644 S picks of 441 well-locatable
induced events with magnitudes up to M; 2.4, we were able
to reduce the rms travel-time residual from rmsty = 1.2 s to
rmstt = 0.03 s. We found that velocity models derived from
controlled-source methods might be inappropriate for direct
use for reliable earthquake location, mainly due to the lack of
S-wave energy and different source—receiver geometries.

The major part of the seismicity in the Insheim reservoir
occurs at depths of ~#4000 m and thus in the crystalline base-
ment, which has also been observed at other fluid-injection
operations. Absolute location uncertainties are between 500
and 1000 m in focal depth and between 100 and 300 m in the
epicenter, depending on the number of available onset times
(see (B) Fig. S6). Relative location errors are in the range of
about 50 m. Induced events with highly similar waveforms
are within 50—100-m absolute offset giving independent sup-
port for the relative location accuracy. The improvement of
hypocenter resolution is also shown by the location of the
reference event in the immediate vicinity of the production
bottom hole that has been recorded by the pressure gauge in
the production well and that has formerly been located unre-
alistically deep below the production well.

Using the high-precision relocations, we were able to
clearly resolve six main seismically active regions. Most of the
seismicity occurred on an almost north—south-trending fault
connecting the injection and production wells. The region be-
tween the wells shows several subclusters of events that indi-
cate heterogeneities within this volume with indication for
activation of a conjugate fault system. This fault system is
crossing the north—south-trending fault in north-northwest
to east—eastsouth. They were activated during an early stage
of the production of the GPP Insheim and became aseismic
after approximately one month of production. Furthermore,
one main cluster including the largest events observed in
the reservoir and also the reference event is located close
to the bottom of the production well (Fig. 5). In total, 20 clus-
ters of highly similar events have been detected. Some occur
as earthquake swarms, but often the activity within the clusters
spreads over weeks to months, pointing to repeating events.
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The spatiotemporal evolution of the seismicity is rather
complex. No simple migration of the seismicity has been ob-
served. Briefly, after starting operation, seismicity is located
close to both the injection and production wells. Seismic
activity is closely related to the injected flow rates and in-
creased repeatedly after shut-ins. Also, at constant flow rates,
seismicity scattered in time and space is observed. The esti-
mated seismically active volume reached its final size shortly
after startup of GPP Insheim and remained nearly stable
throughout the operation time with an estimated volume
of ~1.65 x 10° m? (Fig. 10).

FPS calculated from first-motion polarities agree well
with observed fault zones derived from active VSP measure-
ments and with the regional stress regime but reflect also the
complexity of the reservoir. Three strike-slip events might
coincide with the former unknown fault zone oriented from
east-eastsouth to north-northwest.

Data and Resources

Seismological data used in this study are partly avail-
able at Bundesanstalt fiir Geowissenschaften und Rohstoffe
(BGR) at https://www.bgr.bund.de/EN/Themen/Seismologie/
Seismologie/Wellenformdaten/wellenformdaten_node.html
(last accessed September 2018) or via ArcLink service at ei-
da.bgr.de:18001. Technical details of the acquisition system
Summit VIPA can be found at https:/www.summit-system
.de (last accessed June 2018). One map was made with QGIS
Geographic Information System, Open Source Geospatial
Foundation at https://www.qgis.org/de/site/ (last accessed
September 2018) and with OpenStreetMap at https://
openstreetmap.org (last accessed September 2018). One map
was made with Generic Mapping Tools (GMT) at https://www
.soest.hawaii.edu/gmt (last accessed May 2018). The magni-
tude of the natural seismic event close to Herxheim was taken
from http://lgrb-bw.de/erdbeben/led_pool/extra_table.htm
(last accessed January 2016). The operation data and the seis-
mological data of the permanent stations provided by the op-
erator are not publically available.
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