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Abstract We describe the design and implementation
of a traffic light system (TLS) created for the stimulation
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phase of a 6.1-km-deep geothermal well in the Helsinki
area, Finland. Because of the lack of local seismic
data to calibrate the TLS, the TLS thresholds have
been proposed on the basis of two parameters: accept-
able ground motion levels and probabilities to reach
these levels, which were then used to establish TLS
magnitudes. A peak ground velocity (PGV) of 1 mm/s
associated with a ML ≥ 1 event, or a ML ≥ 1.2 event
alone, triggered an Amber alert. A PGV of 7.5 mm/s
associated with a ML ≥ 2.1 event triggered a Red
alert, where ML was a local “Helsinki” magnitude.
Specific thresholds based on PGV and peak ground
acceleration were gathered for critical infrastructure
sites and related to earthquake magnitudes in a prob-
abilistic way. The implementation of the TLS during
the stimulation showed that the selected thresholds
were reasonably conservative. Some of the Amber
events were reportedly felt or heard, but the public
opinion remained very favourable to the project.
Measured ground motions were too low to have any
impact on the built environment and the stimulation
was able to proceed without being impaired by the
occurrence of a Red event. Seismic data acquired dur-
ing the stimulation and lessons learnt are presented
and used to revisit the TLS thresholds for potential
future stimulations.
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1 Introduction

St1 Deep Heat (St1 DH) is developing a geother-
mal doublet in Espoo, Finland, for the purpose of
supplying deep geothermal heat to local district heat
networks. As part of the project, the first well OTN-3
was completed in May 2018 with a true vertical depth
of 6.1 km (Fig. 1). In June and July 2018, OTN-3 was
stimulated during 7 weeks in order to improve rock
permeability (Kwiatek et al. 2019). An adjacent 3.3-
km-deep well is to be deepened to a similar depth of
6.1 km and stimulated in 2019.

Given that the stimulation took place beneath
a densely populated area with multiple sensitive
receptors, the City of Espoo’s buildings department
required that a seismic traffic light system (TLS) be
developed and approved before granting permission
for St1 DH to perform well stimulation activities.

TLSs are commonly used to reduce the poten-
tial seismic hazard due to induced seismicity and to
mitigate the associated risk by modifying the fluid
injection profile (e.g., Bommer et al. 2006; Bosman
et al. 2016; Ellsworth 2013; Haering et al. 2008).
TLSs were first proposed by Bommer et al. (2006) for
the Berlı́n geothermal project in El Salvador (Bom-
mer et al. 2006), an area with significant background
seismicity. The approach has then been adopted on
several geothermal projects (e.g., Diehl et al. 2017;
Haering et al. 2008). In TLSs such as the one from
Bommer et al. (2006), called traditional TLSs, the
thresholds are usually defined ad hoc and primarily
based on expert judgement (e.g., Wiemer et al. 2017).
An alternative to traditional TLSs are the so-called
adaptive TLSs (ATLSs). Although ATLSs are still
under development, they already proved to be efficient
at mitigating risk during some geothermal operations

Fig. 1 Location of the St1 DH project site and of the different seismic networks used to monitor the stimulation campaign. Two
natural earthquakes that occurred in 2011 in the proximity of project site are shown as orange stars (from Kwiatek et al. 2019)
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(e.g., Broccardo et al. 2017; Gischig et al. 2014;
Mignan et al. 2017). ATLSs have the benefit of being
forward looking, probabilistic in their forecasts and
adaptive, in the sense that the forecasted seismicity
and resulting hazard are constantly updated. How-
ever, ATLSs are model dependent and they require
sufficient data to be implemented.

The stimulation of OTN-3 was performed in an
area with very little natural seismicity and there was
no existing data on induced seismicity. Besides, the
stimulation of OTN-3 was the first geothermal well
stimulation ever performed in Scandinavia and the
deepest geothermal well stimulation in the world to
this date, so there was no guarantee that the mod-
els developed on other geothermal well stimulations
elsewhere in the world would apply well in this case.
Therefore, the traditional TLS remained the preferred
solution due to the risk that ATLS models would not
model well the expected induced seismicity.

In this study, we present the design, implementa-
tion, and post-stimulation analysis of the traditional
TLS that was successfully implemented and used dur-
ing the stimulation phase of the OTN-3 well. We
first give an overview of the methodology used to
define the TLS thresholds. In the following, we dis-
cuss different steps and measures taken in order to
insure the successful implementation of the TLS dur-
ing the stimulation of OTN-3. We present the impacts
of stimulation-induced seismicity and use this new
data to revisit the TLS thresholds. We study the per-
formance of existing forward-looking models on the
recorded induced seismicity in order to evaluate the
potential of an ATLS for future stimulations in similar
conditions.

2 Design of the TLS

2.1 TLS description

An effective TLS relies on a real-time seismic moni-
toring system and leverage this information to mitigate
the risk of negative public response and the risk to
the built environment. The developed TLS relied on
the input of two independent seismic monitoring net-
works (Fig. 1). The first network was composed of 12
3-component seismometers installed in shallow bore-
holes between 300-m and 1.15-km depth (referred to
as the satellite network). This network was completed

with a vertical array of 12 3-component sensors
located in a well located 10 m away from OTN-3, at
depths from 2200 to 2630 m (for details, see Kwiatek
et al. 2019). The second network was composed of 14
surface geophones (referred to as the surface network)
placed at strategic surface locations, such as nearby
critical infrastructure sites (see Section 2.4). The satel-
lite network was used to provide hypocentral locations
and magnitudes of seismic events (see Kwiatek et al.
2019 for details), while the surface network mea-
sured the actual amplitude of ground motions for the
purpose of TLS operations.

The installation and maintenance of the satellite
network was performed by Advanced Seismic Instru-
mentation & Research (ASIR), while the localiza-
tion of the seismic events and computation of source
parameters in near-real time was undertaken by fast-
loc GmbH. Arup was in charge of the design and
implementation of the TLS (Fig. 2).

The TLS comprised the following elements:

1. Provision for baseline monitoring of TLS net-
works for a period of 1 month prior to stimulation
activities;

2. Provision for post-stimulation monitoring for a
period of at least 6 months consisting of a sub-
set of the satellite network operated remotely, and
the surface network operated for only the first 2
months of the post-stimulation monitoring;

3. TLS thresholds associated with , ,
and events:

(a) conditions allowed for stimulation
activities to proceed as planned. During

conditions, TLS activities included
network monitoring and confirmation that
monitoring stations were operational and
transmitting data;

(b) conditions indicated that a TLS
exceedance had occurred, which triggered
notification, documentation, and evaluation
of whether any mitigation of seismic risk
was required. While the trigger level for an

event might result in surface vibra-
tions which would be felt in the vicinity of
the event, no cosmetic or structural impacts
on the built environment were expected;

(c) conditions indicated that a TLS
exceedance had occurred. This triggered an
immediate stop of stimulation activities with
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Fig. 2 Role of the different parties involved in the TLS

a well bleed-off option, a notification of
the earthquake event, and confirmation that
activities had stopped. In addition, the event
and necessary mitigation measures had to be
documented. Stimulation activities follow-
ing a event might only proceed with the
approval of local authorities. Similar to the

threshold, the threshold corre-
sponded to a level of shaking where no cos-
metic or structural impacts were expected.

4. A detailed communication plan, or communica-
tion tree, including communication delays, parties
to be informed, and template of information to
be communicated, in case of an or
alert:

(a) Provision for communication by phone to
the relevant parties within 20 min of an

or event;
(b) Provision for communication by email to the

relevant parties within 30 min of an
or event; and

(c) Provision for reporting following exceedance
of thresholds (known as exceedance reports)
within 4 days of the event.

5. Actions and mitigation measures following an
event or a event;

6. Constraints on allowing stimulation to proceed
during period of monitoring station outages; and

7. Provision for a final summary report to conclude
the use of the TLS.

2.2 Methodology to establish TLS thresholds

The goal of an effective TLS is to reduce the risk of
negative public response and infrastructural damage to
a level as low as reasonably possible. The developed
methodology considered the surface expression of the
seismicity (ground motions) induced by the geother-
mal stimulation. The surface expression controls the
public response and the hazard to the built environ-
ment located at the surface in the vicinity of the
project. The TLS was to be applied in an environment
where natural seismicity is practically non-existent.
Therefore, limited data and no seismic norms were
available to calibrate the potential effects of induced
seismicity directly in terms of earthquake magnitudes.
However, many countries have regulations and best
practices for ground-borne vibrations, such as blast-
ing or other vibration sources, and it is therefore much
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easier and more practical to find a consensus on a
level of surface vibrations with a regulator rather than
directly on event magnitudes.

For the stimulation of OTN-3, peak ground velocity
(PGV) was selected as the measure of ground motion.
PGV is a simple parameter that has many engineering
applications and it is meant to be a better indica-
tor of the potential damage due to ground motions
than peak ground acceleration (PGA) (Bommer 2017).
The PGV levels were developed in accordance with
Finnish Building Code (RIL 253-2010 2010), British
Standards on surface vibrations (BSI 1993, 2008),
and various publications illustrating the relationship
between PGV and impacts on human perception and
the built environment (Bommer 2017; Westaway and
Younger 2014). The PGV thresholds selected were as
follows:

1. For conditions, a low level of 0.3 mm/s or
0.13 mm/s was set in surface-network stations to
generate low-level alarms, in the form of text mes-
sages to a dedicated site phone. The value of 0.3
mm/s was the default value and the threshold was
lowered to 0.13 mm/s for a few stations in low
background noise level areas. This low level con-
dition was aimed at providing sufficient feedback
that surface network stations remained operational.
This threshold was selected as it was below the
general thresholds of human perception (Bommer
2017; BSI 2008; Westaway and Younger 2014).

2. For conditions, a threshold of 1 mm/s
was selected as the PGV threshold. This level
correlated with the lower threshold of human per-
ception proposed in Bommer (2017) and with
the maximum satisfactory magnitudes of vibra-
tions in residential buildings at night, with respect
to human response, according to British Stan-
dards (BSI 2008). An additional factor of safety
of two was applied to reach the PGV thresh-
old of 1 mm/s. While a PGV of 1 mm/s might
be noticed by the local community, no credible
impacts would be expected.

3. For conditions, a threshold of 7.5 mm/s was
selected as the PGV threshold. This level corre-
lated with the lower threshold of potential cos-
metic damage for buildings according to British
Standards (BSI 2008) and Bommer (2017), with
an additional factor of safety of two. This
threshold was considered to be conservatively

reasonable since it implied that stimulation activi-
ties would be halted prior to any cosmetic or other
(e.g., structural) impacts.

These PGV thresholds proved to be a reasonable
and practical basis for the design of the TLS. However,
the TLS based on PGV required addressing potential
problems including:

1. False positives (i.e., false alerts): high levels
of vibrations could be recorded that would not
have been caused by induced earthquakes at the
geothermal well. The levels of vibrations could
be caused by blasting at the surface, road traf-
fic, equipment malfunction, distant natural earth-
quakes, or other unanticipated sources; and

2. False negatives (i.e., no alert when there should
be one): by nature, the PGV can only be measured
at the specific locations where instruments have
been installed. PGV thresholds could be exceeded
at locations where no instrument was recording,
and would therefore be missed.

In order to circumvent these issues, two types of
alerts were considered:

1. Joint PGV-magnitude alert When a measured
PGV exceeded one of the TLS thresholds, a seis-
mic event at the production site had to also be
detected with magnitude large enough to trigger
such a level of ground vibrations. This process
was aimed at reducing the risk of false alerts.

2. Magnitude-only alerts If an earthquake was
detected during operations, which had enough
potential to generate PGVs exceeding one of the
PGV thresholds, an alert would be triggered. This
would happen even if no PGV was measured at
any of the surface geophones above any of TLS
thresholds. This type of alert was aimed at reduc-
ing the risk of false negative (i.e., missed alerts).

The PGV thresholds were therefore related to cor-
responding magnitudes of events that would occur at
the depth of injection. For that purpose, the empiri-
cal ground motion prediction equations (GMPEs) by
Douglas et al. (2013) and a GMPE by the Institute of
Seismology of the University of Helsinki (ISUH 2017,
personal communication) were used. More details are
provided in Ader et al. (2019).

The magnitude scale used in the TLS was the local
“Helsinki” magnitude MLHEL (Lund et al. 2015; Uski
and Tuppurainen 1996). In this study, the designations
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ML and MLHEL are used interchangeably to designate
this local “Helsinki” magnitude.

GMPEs provide median estimations of ground
motions and uncertainties on these median estima-
tions, the parameter σ , which is the standard deviation
on the logarithm of the median value. In practice, for a
seismic event of given magnitude at a known distance,
the median ground motion predicted by the GMPE has
50% chance to be exceeded. The GMPE uncertainties
can be used to compute the ground motions that have
different probabilities to be exceeded by a given event:
for instance, the median value of the ground motion
plus one sigma has about 16% chances to be exceeded.

The magnitudes to be used in the TLS thresh-
olds were therefore based on agreed probabilities to
exceed PGV thresholds at the epicentre of a seis-
mic event. These probabilities were then related to an
event magnitude by taking into account the median
ground motions predicted by the GMPEs and the
GMPEs’ uncertainties on this median prediction (Ader
et al. 2019). More specifically, two probabilities were
agreed for the two types of thresholds considered for
the alert:

1. Magnitudes associated to joint PGV-magnitude
alerts were selected based on a 2% probability that
the seismic event’s magnitude would cause a PGV
exceedance at the epicentre; and

2. Magnitudes associated to magnitude-only alerts
were initially selected based on a 10% proba-
bility that the magnitude would result in a PGV
exceedance at the epicentre.

In order to simplify the trigger of the TLS, it
was agreed that a TLS alert would be conservatively
triggered by the occurrence of a seismic event, which
magnitude had a probability of at least 2% to cause a

PGV exceedance at the epicentre. Besides, in the
case of a event, any PGV measured above the

and or PGV thresholds would have to
be reported.

Details of the calculations and negotiations with the
regulator are given in Ader et al. (2019). The resulting

and thresholds of the TLS were selected
as follows:

alert:

PGV ≥ 1 mm/s detected at one or more surface
stations and ML ≥ 1.0; or
ML ≥ 1.2.

alert:

ML ≥ 2.1.

The method provided the benefit that only two
parameters had to be agreed with the regulator: the
PGV thresholds and the acceptable levels of probabil-
ity to reach these levels. These proved to be practical
parameters that both technical and non-technical par-
ties could relate to and which could be backed up
by factual standards and publications. From there, the
magnitudes could be deduced with the data available,
through a process taking into account the uncertain-
ties on the data. Importantly, once more data would
become available and the uncertainties reduced, the
magnitude and PGV thresholds could be revisited
using the same methodology.

2.3 Spatial domain of application of the TLS

In areas of natural seismicity, it is difficult to deter-
mine whether a particular seismic event occurring
in the vicinity of stimulation site is a result of
stimulation.

However, the Helsinki area is characterized by
very low seismicity, and the occurrence of a natu-
ral ML ≥ 1.2 during the stimulation was considered
very unlikely. For these two reasons, the TLS did
not distinguish between natural and induced events
in the vicinity of the injection point. In previous
EGS projects, induced seismicity had been well con-
tained within 2 km from the injection point in all
directions (e.g., Cuenot et al. 2008; GEISER 2013;
Halldorsson et al. 2012; Wiemer et al. 2017). For
the purpose of the TLS, it was decided that any
detected event that met the following criteria, regard-
less of whether it was induced by stimulation or
coincidentally natural, would trigger a TLS threshold
breach:

– Radius of 5 km from the water injection point in
horizontal direction; and

– Depth of events less than 10 km and more than
1 km (in order to exclude surface blasts).

These conservative 5-km radius and 10-km depth limit
largely compensated for the uncertainties in earth-
quake locations (Kwiatek et al. 2019). Again, once
more data became available and location uncertainty
was reduced, then these location thresholds could be
readjusted.
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2.4 Sensitive receptors

Sensitive receptors are critical infrastructure sites,
such as hospitals, schools, and laboratories, where the
occupants or equipment might be more susceptible
to the effects of vibrations than normal residential or
commercial buildings.

A survey of local receptors was performed by the
St1 DH team, who identified six sensitive receptors
within 15 km from the injection point:

– Micronova Company of the Technical Research of
Finland (1.7 km);

– Mikes Metrology Building (2.3 km);
– Meilahti Hospital (3.5 km);
– Accelerator Lab at the University of Helsinki,

Kumpula Campus (10 km);
– IT Centre for Science (3 km); and
– Otaniemi drilling site (1 km).

One surface station was placed at each of these sensi-
tive receptors in order to specifically monitor ground
motions. Specific TLS thresholds were established
independently for each of the sensitive receptors, by
investigating acceptable levels of ground motion for
each sensitive receptor. The ground motions were
related to event magnitudes through the same method-
ology as previously described. When ground motion
requirements were defined in terms of PGA rather
than PGV, the GMPEs used were the empirical PGA
GMPE by Douglas et al. (2013) and a PGA GMPE
provided by ISUH (2017, personal communication).

When the general TLS thresholds were more con-
servative than the requirement at a specific site, the
general TLS thresholds were selected. This turned
out to be the case for four out of the six sensitive
receptors. The last two receptors had requirements in

terms of PGA and specific thresholds were therefore
maintained. It should be noted that the magnitudes
related to these specific thresholds were higher than
the magnitudes related to the general TLS thresholds,
highlighting the conservativeness of the general TLS
thresholds.

When a TLS alert occurred, the PGV and PGA
measured at the sensitive receptors were systemati-
cally reported in the exceedance report, whether or not
they exceeded one of the specific thresholds.

3 Implementation of the TLS

3.1 OTN-3 stimulation

The stimulation of well OTN-3 started on 4 June
2018 and ended on 22 July 2018 (49 days). A total
volume of 18,160 m3 of drinking quality water was
injected through five stages located along the open-
hole section of the well, inducing 1357 ML ≥ 0
events. The injection rate ranged generally between
400 and 600 l/min. It was increased to about 800 l/min
for a couple of hours during stage 2, leading to a
rapid acceleration of seismic activity (cf. Kwiatek
et al. 2019). The start dates of each stage, net injected
volumes, max injection pressures, mean depth, and
number of events are detailed in Table 1.

The spatial arrangement of ML ≥ −1 seismic
events used for the TLS implementation is plotted in
Figs. 3 and 4. The seismicity has been relocated after
the stimulation (Kwiatek et al. 2019), but we only
present the seismicity originally provided to the TLS
here.

The event hypocenters fed into the TLS during
stimulation appear to be slightly shifted horizontally

Table 1 Details of the five stimulation stages

Stage Start date Net injected Max injection Mean Number of events

volume (m3) pressure (bars) depth (m) ML ≥ 0 ML ≥ 1 ML ≥ 1.2 ML ≥ 2.1

1 4 June 2018 3783 890 6056 173 5 3 0

2 16 June 2018 4023 900 5973 280 11 6 0

3 23 June 2018 1537 850 5884 131 8 4 0

4 1 July 2018 4411 860 5771 361 14 9 0

5 12 July 2018 4406 870 5625 412 18 14 0

Total 22 July 2018 18,160 − − 1357 56 36 0
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Fig. 3 Map view of the ML ≥ −1 stimulation-induced events used for TLS implementation. Events are colour-coded depending on
the stimulation phase during which they occurred, while event sizes represent their magnitudes

and vertically compared with the injection point and
the well path. This has been identified to be related
to the velocity model used, and it was addressed in
post-processing (cf. Kwiatek et al. 2019). Despite this
apparent shift, the events were concentrated within
1000 m from the injection points, at depths between
5 and 7 km. This was confirmed for ML ≥ 0 events
and this was even clearer for events, which
were all located within 500 m horizontally and 1000 m
vertically from the injection point. The events were
therefore located well within the volume considered
for the TLS (Section 2.3). Finally, the observed shift
did not influence significantly the calculated magni-
tudes provided to the TLS operator.

The magnitude-frequency Gutenberg-Richter (GR)
distribution of events recorded during stimulation is

plotted in Fig. 5. It is clearly observed that event detec-
tion and location limit were between ML -1 and 0,
which was sufficient for the implementation of the
TLS and its level starting at ML = 1. The GR
fit to this distribution has a b value of 1.32±0.03. Such
b values greater than one are usual for geothermal
induced seismicity (e.g., Grünthal 2014).

On the upper end of magnitudes, the distribution
of events followed the Gutenberg-Richter distribution
up to approximately ML1.5. For greater magnitudes,
the frequency of events dropped off. Figure 6 shows
the GR distribution of the events in each injection
phase and suggests that this reduction of larger events
only occurred during phase 5 (the shallowest stimula-
tion phase). The implications of this observation are
discussed in Section 5.2.
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Fig. 4 Cross sections of
ML ≥ −1 stimulation-
induced events used in the
TLS, in the cross-sectional
plane of the well (upper)
and in the cross-sectional
plane normal to the plane of
the well (lower)
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Fig. 5 Magnitude-
frequency distribution
of events detected during
the stimulation and
used in the TLS with
Gutenberg-Richter fit to
events with ML ≥ 0

3.2 TLS alerts

A total of 37 alerts were triggered during the stimula-
tion and are detailed in Table 2. The first alert triggered
was actually a event (albeit close to exceeding
the threshold) but St1 DH decided to carry on
the alert process as an in situ practice exercise.

The following 36 alerts triggered were all
alerts and the largest magnitude recorded was ML =
1.9. No event occurred during stimulation. Three
of the 36 alerts happened after the end of
the stimulation activities and the latest was a
ML = 1.21 event, which occurred about 30 h after the
end of stimulation.

Only six of the events resulted in surface
motion with PGV ≥ 1 mm/s, i.e., the PGV
threshold (Fig. 7). The lowest magnitude event gener-
ating a PGV ≥ 1 mm/s was a ML1.55 event, which

caused a maximum PGV of 1.19 mm/s. The greatest
PGV recorded during stimulation was 2.99 mm/s, fol-
lowing a ML1.87 event. Generally, Fig. 7 shows that
events started to trigger alerts at magnitudes
lower than the ones required to exceed the
PGV threshold of 1 mm/s. This suggests that the mag-
nitudes associated to the PGV thresholds were indeed
reasonably conservative.

3.3 Procedures for TLS alerts

In order to implement the TLS alert actions, an on-
site 24h-a-day presence was required and St1 DH
hired four so-called TLS managers, who worked 12-
hour shifts during stimulation. The TLS managers
underwent training before the start of the stimulation
activities and a user manual was put together to assist
them through their task, which covered items such as

Fig. 6 Magnitude-
frequency GR distribution
of events detected during
each phase of the
stimulation with power-law
GR fit to events with
ML ≥ 0
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Table 2 List of alerts triggered, with maximum PGV and station at which it was measured

Time (Helsinki) ML Max PGV Post event decisions and other notes

(mm/s)

STAGE 1 09/06/2018 02:42 1.18 0.13 alert, done for practice

09/06/2018 08:42 1.27 0.48 −
11/06/2018 08:26 1.59 0.81 −
13/06/2018 06:11 1.32 0.34 −

STAGE 2 17/06/2018 12:50 1.31 0.18 −
20/06/2018 03:13 1.47 0.75 −
20/06/2018 20:39 1.27 0.45 Decided to stop if further events were to occur

21/06/2018 02:27 1.83 1.45 Stopped pumping for 4 h

21/06/2018 20:56 1.54 0.57 −
22/06/2018 21:13 1.24 0.44 −

STAGE 3 29/06/2018 02:31 1.35 0.60 High seismicity rate: stopped injection

29/06/2018 07:02 1.72 0.76 −
29/06/2018 12:42 1.59 0.63 −
30/06/2018 09:53 1.68 1.24 Ended stimulation stage

STAGE 4 01/07/2018 23:33 1.20 0.38 −
03/07/2018 23:11 1.26 0.23 −
03/07/2018 23:30 1.43 0.47 Stopped pumping for 12 h

05/07/2018 10:01 1.57 0.78 −
06/07/2018 11:49 1.54 0.57 −
07/07/2018 20:32 1.55 1.19 −
07/07/2018 20:55 1.24 0.34 Hold pumping if other event during the night

08/07/2018 20:36 1.90 1.72 Stopped pumping for 48 h

09/07/2018 05:09 1.23 0.28 No pumping

STAGE 5 12/07/2018 17:25 1.57 0.56 −
13/07/2018 16:35 1.51 0.65 −
16/07/2018 20:26 1.87 2.99 Stopped pumping for 5 h

18/07/2018 13:43 1.50 0.67 −
18/07/2018 20:09 1.22 − −
19/07/2018 01:45 1.48 0.41 Stopped pumping for 3 h

19/07/2018 11:27 1.20 0.18 −
19/07/2018 13:09 1.25 − Pumping was stopped since 13:00

19/07/2018 13:55 1.57 0.66 Extended pumping pause to 12 h

19/07/2018 13:55 1.71 1.03 Same as above

21/07/2018 16:46 1.26 0.49 −
22/07/2018 20:15 1.24 0.23 Stimulation ended 1 h earlier

24/07/2018 01:03 1.45 0.93 −
24/07/2018 02:48 1.21 0.28 −

a summary of the TLS, the description of the different
monitoring tools available to the TLS manager, and a
description of the detailed tasks of the TLS manager.

The main role of the TLS manager was to moni-
tor seismicity and to give the alert in case of a TLS
exceedance. A communication tree was designed to

ensure that the different parties were alerted and pro-
vided with the right information in due time. Within
20 min of the event, the TLS manager had to ensure
that the following parties were alerted by phone:

– The pumping operator;
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Fig. 7 Maximum PGV
recorded for ML ≥ 0.8
events during stimulation.
The dashed lines show the
0.13 mm/s and 0.3 mm/s
thresholds of recording at
the surface stations

– The St1 project manager;
– St1 public affairs;
– The regulator;
– The rescue department; and
– The City of Espoo.

Within 30 min of the event, the same parties were
all alerted by email, following a set template. A more
comprehensive report on the event and possible miti-
gation measures taken by St1 DH was sent out within
4 days of the event.

In order to minimize further the risk of false alert,
an automated alert was sent to all members of the oper-
ating team through the Pushover app, when an event
of magnitude greater than 1 was detected within the
TLS volume, within 5 min of the event. This procedure
ensured that the TLS manager had initiated the TLS
procedure and that the event magnitude and location
was being manually checked if needed.

3.4 Response to induced seismicity

Several measures were implemented by St1 DH fol-
lowing events. Engineering measures were
typically implemented when the frequency of events
was qualitatively observed to increase, when the back-
ground seismicity rate seemed to increase, and/or
when the magnitude of events was approach-
ing a threshold:

– Pause injection for some period of time;
– Terminate the current injection stage (i.e., stop

injection and then start bleeding off the well);

– Decrease the injection rate; and/or
– Decrease the injection pressure.

As expected, following a pause in injection, the
seismicity rate decreased (Kwiatek et al. 2019). When
injection resumed after a pause, there was usually
a short time lag before the seismicity rate resumed.
Based on this, St1 DH controlled the seismic hazard
during the stimulation by reducing water injection and
well-head pressure when the seismicity rate appeared
to increase. Table 2 details the instances where stimu-
lation was stopped because of the observed seismicity.
More rationale behind the measures taken to miti-
gate the seismic hazard during injection are detailed in
Kwiatek et al. (2019).

4 Impacts of stimulation-induced seismicity

4.1 Peak ground velocity

Ground motions were recorded at several stations
from the surface network for events of magnitudes
ranging from ML0.9 to 1.9. The different PGVs
recorded by the surface stations were compared
with the predictions from the different GMPEs used
in the TLS design: the empirical GMPE by Dou-
glas et al. (2013) and the GMPE provided by
ISUH.

Figures 8 and 9 show the residuals on the PGV,
defined as:

res(log PGV) = log PGVmes − log PGVGMPE, (1)
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Fig. 8 Residuals of the
log(PGV) for the two
GMPEs used to design the
TLS thresholds (upper plot:
ISUH (2017, personal
communication); lower
plot: Douglas et al. 2013),
as a function of the event
magnitude. The mean of the
residuals and the 1 and 2
standard deviations of the
residuals are indicated in
red. The 1- and 2-σ
uncertainties on the GMPE
are indicated in shades of
blue. The data points are
coloured according to their
TLS category ( or

)

where log PGVmes is the decimal logarithm of the mea-
sured PGV at the surface stations, and log PGVGMPE

is the decimal logarithm of the PGV predicted by the
GMPE (median value). Note that, with this definition
of the residuals, positive residuals indicate that the
measured PGV is greater than the GMPE estimates.

The median predictions of both GMPEs consis-
tently underestimate the measured PGVs: for both
GMPEs, the residuals are all positive. However, owing
to the large uncertainties on both GMPEs, all of the
residuals fall within the 2-σ prediction range from the
GMPEs. In terms of the TLS design, the methodology
used to calculate the TLS thresholds was accounting

for the GMPE uncertainties, so that the TLS thresh-
olds computed were still conservative, even though
the median predictions of the GMPEs turned out to
be under-conservative. This shows that the method to
establish the TLS thresholds is robust with respect to
the GMPEs used, as long as the uncertainties on the
GMPEs are well estimated.

Quantitatively, Figs. 8 and 9 suggest that the
median predictions of the GMPE by Douglas et al.
(2013) under-predict the log(PGV) by about 1.0,
while the GMPE by ISUH (2017, personal communi-
cation) under-predicts the log(PGV) by about 0.5, i.e.,
by factors of respectively 10 and 3.
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Fig. 9 Residuals of the log(PGV) for the two GMPEs used to
design the TLS thresholds (upper plot: ISUH (2017, personal
communication); lower plot: Douglas et al. 2013), as a func-
tion of the hypocentral distance of the event. The mean of the

residuals and the 1 and 2 standard deviations of the residuals
are indicated in red. The 1- and 2-σ uncertainties on the GMPE
are indicated in shades of blue. The data points are coloured
according to their TLS category ( or )
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Figure 8 shows how the residuals depend on event
magnitude and suggests that there is no magnitude
bias, as the residuals have the same offset at all mag-
nitudes. Figure 9 shows the variation of residuals with
hypocentral distance and might suggest that the pre-
dictions of the GMPEs are closer to the measured
GMPEs at hypocentral distances greater than 7.5 km.
However, there are too few data points at hypocentral
distances greater than 7.5 km to confidently deter-
mine this. The standard deviation of the residuals in
Figs. 8 and 9 shows the spread of the measured values
around their own median value. This standard devi-
ation is only 0.22, significantly smaller than the 1-σ
uncertainties of 0.81 for Douglas et al. (2013) and 0.62
for ISUH (2017, personal communication). Using the
stimulation data available, a site-specific GMPE was
generated based on the ISUH GMPE, but corrected by
adding the mean value of the residuals, resulting in the
following corrected GMPE for PGV:

log PGVcorrected = log PGVISUH + 0.51. (2)

The 1-σ uncertainty for this corrected logPGV sim-
ply became the standard deviation of the residuals:

σ(log PGV)corrected = 0.22. (3)

The resulting GMPE is shown in Fig. 10, with 1-
and 2-σ uncertainties represented, for some selected
event magnitudes. Figure 10 suggests that this cor-
rected GMPE represents the observed PGV well: the
median predictions of this corrected GMPE seem to
match the median recorded PGV and the uncertain-
ties on the GMPEs seem to cover the spread of the
measured PGVs.

Finally, it is important to note again here that the
surface stations generally had a triggering level at
0.3 mm/s, or 0.13 mm/s for a few stations in low back-
ground noise level areas. PGVs lower than the trigger-
ing levels are therefore missing from the dataset, and
it could therefore be argued that the dataset might be
biased towards higher PGVs. However, Fig. 10 shows
that, for ML ≥ 1.5, there is not a strong cut-off of
data points at PGV = 0.13 mm/s. This suggests that,
at least for ML ≥ 1.5, the consistently high PGVs
recorded are not a measurement artefact.

4.2 Public perception

Prior to stimulation, ISUH had indicated that small
seismic events in Finland, such as ML ≤ 2 events,

had previously resulted in several notifications from
concerned citizens, in areas much less populated than
Helsinki. These events were usually much shallower
than the depth of stimulation of OTN-3, but the public
sensitivity to potential induced events during OTN-3
stimulation was an important point of focus for St1
DH.

In order to make the local community aware of
its plan to stimulate the geothermal doublet, St1
DH developed a communication plan. Advertisements
were made in local newspapers and through mail-
ers to the local community. A website was launched
and maintained by St1 DH (www.st1.fi/geolampo
for the Finnish version and www.st1.eu/geothermal-
heat for the English version). The website provided
general project information and was updated regu-
larly. The blog within the website provided a mech-
anism for project updates, including information on
the TLS during stimulation. The website gave peo-
ple the possibility to report any heard or felt seis-
micity during the stimulation period, either through
the website or through a phone number. A media
event and open house were held before the start of
stimulation activities, including a site visit and pre-
sentations by the St1 DH team. The open house
allowed locals to raise questions and concerns about
the project. Following the media event, additional pre-
sentations by the St1 DH team were given at Aalto
University in Espoo, close to the location of St1 DH
project.

ISUH is usually the institution in Finland who col-
lects reports of felt seismicity in the country and their
service was also working during OTN-3 stimulation.

During the 7 weeks of stimulation, St1 DH received
a total of 25 notifications and ISUH a total number
of 173 notifications from the public. These numbers
were proportionally very low, in comparison with the
numbers of reports that ISUH can receive from much
less populated areas than Helsinki following a small
natural earthquake. The total number of responses
recorded by ISUH and St1 DH for each event is plot-
ted as a function of the event magnitude in Fig. 11.
ISUH indicated that their numbers were calculated
from raw data and were therefore preliminary, as they
had not been checked for possible duplicates or invalid
reports. The ML ≥ 1.8 events were the only events
for which there were more than ten reports in total.
The event for which both St1 DH and ISUH received
the largest number of public responses was the largest
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Fig. 10 PGVs recorded for
ML 1.2, 1.5 and 1.9 events.
The recorded PGVs are
compared with the
predictions of the corrected
GMPE (in red)
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Fig. 11 Combined number
of public responses
recorded by ISUH and by
St1 DH for events
and some of the largest

events, with respect
to the event magnitudes

event recorded, i.e., the ML1.9 event, which generated
eight reports to St1 DH and 78 reports to ISUH.

Some events were reported for magnitudes as low
as ML0.9, and the reports mentioned that events were
usually heard rather than felt and compared them
to distant thunder. Vibrations were only reported as
felt (although very rarely) for events with magnitudes
greater than ML1.5. The fact that such low-magnitude
events could be heard was unexpected, although the
occurrence of audible signal was clearly related to the
occurrence of larger events. It has been speculated that
the audible signal is generated by a water table in the
nearby shallow bay aquifer, due to elastic waves res-
onating in shallow sedimentary layer, and the origin of
audible signals is currently under investigation.

In addition to the general public response, the
ML ≥ 1.8 events received some press attention. The
content of the press releases was factual and without
any apparent negative bias against St1 DH project. The
press reports also described the events as being heard
and sounding like thunder and sometimes observing
some window vibrations. The reports indicated that
the level of vibrations generated by the events was
much too low to create any damage to structures and
could not pose a threat, showing that the public and
media understanding on this practical point was clear.

Levels and thresholds of public perception show
that with the methodology adopted to design the TLS,
the thresholds were set at levels that were both conser-
vative enough to protect the population and the built
environment, but also practical enough to enable St1
DH to proceed with their operations in a productive
way.

5 Post-stimulation TLS revisions

The implementation of the TLS yielded a large
amount of new and site-specific data along with a
range of lessons learnt. This section details how this
information can be used to refine the TLS for future
stimulations.

5.1 Proposed new thresholds

The corrected GMPE presented in Section 4.1 is site-
specific and has significantly smaller uncertainties
than the GMPEs that were used when designing the
TLS before the stimulation, so that surface expression
of induced seismicity can be predicted with improved
confidence for future stimulations.

As highlighted in Section 2.2, the philosophy behind
the TLS magnitude thresholds was to correlate the
magnitude thresholds with the probabilities of exceed-
ing the different PGV thresholds and was approved
by the regulator. Given the precedence and success-
ful implementation, this approach is maintained, but
the thresholds can now be refined with the new site-
specific GMPE. The probabilities of exceedance for
the different TLS triggers can be maintained as the
same levels as for the original TLS (Section 2.2):

– 2% for the scenario where the TLS alert
is based on the combination of a PGV exceedance
and an associated magnitude; and

– 10% for the scenario where the TLS alert
is solely based on magnitude; and

– 2% for the scenario.
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Given the improved confidence in ground motion
prediction, it could be argued that the first condi-
tion could be omitted in order to keep a TLS solely
based on magnitude, which would be more practical
to implement.

Figure 12 shows the probability of exceedance of
the three PGV thresholds (0.3, 1, and 7.5 mm/s) at
the epicentre of events located at 6-km depth, as
a function of their magnitude. The 10% probabil-
ity for the curve and 2% probability for
the curve would lead the following new TLS
thresholds:

ML < 1.6;
1.6 ≤ ML < 2.5, while PGV ≥ 1 mm/s

should be reported; and
ML ≥ 2.5, while PGV ≥ 7.5 mm/s should be

reported.

Although the corrected GMPE predicts larger
median ground motions than the GMPEs used in
the pre-stimulation design of the TLS, the uncertain-
ties of the corrected GMPE are significantly reduced.
Therefore, the approach based on low probabilities of
exceedance still yields slightly higher magnitudes for
the TLS thresholds.

The new thresholds, computed using the same
methodology used to design the TLS before stimula-
tion, seem consistent with the different observations
during the stimulation:

– Except for one ML1.55 event, only ML ≥ 1.68
events resulted in PGV ≥ 1 mm/s during OTN-3
stimulation;

– Out of ten events with 1.5 ≤ ML ≤ 1.6, only one
resulted in a PGV ≥ 1 mm/s;

– Only ML ≥ 1.8 events resulted in more than ten
public reports during OTN-3 stimulation; and

– The PGVs measured and the rate of public
response for events up to ML1.9 were low.

These observations highlight the fact that the method-
ology used to quantitatively determine the TLS thresh-
old appears to be robust with respect to qualitative
observations during the stimulation of OTN-3.

5.2 Forward-looking models

Introduction: The TLS has been designed based
on conservative thresholds and associated mitigation
measures. As detailed in the introduction (Section 1),
such TLSs have been shown to be effective at reducing
the risk and quite simple to implement (e.g., Wiemer
et al. 2017). They are, however, based on a reactive
scheme: measures are implemented only after an event
has occurred, which is why the thresholds must be
conservative. Recent “forward-looking” models have
been developed based on physical or statistical mod-
els, which aim at predicting the maximum magnitude
of induced seismicity based on the past seismicity.
Three such predictive models prevail in the literature
(in chronological order):

Fig. 12 Probability of
exceedance of the three
PGV thresholds of the TLS
at the epicentre of events at
6-km depth, as a function of
the event magnitude, for the
corrected GMPE
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– The McGarr (2014) model;
– The Van der Elst et al. (2016) model, based on the

Shapiro et al. (2010) seismogenic-index equation;
and

– The Galis et al. (2017) model.

Although these models were not officially incor-
porated in the TLS, the predictions of the Van der
Elst et al. (2016) and the Galis et al. (2017) mod-
els have been examined during pending stimulation
of OTN-3 to estimate what would be the maximum
magnitude observed by the end of the stimulation
(Kwiatek et al. 2019).

In the following sections, we therefore provide a
discussion on these different forward-looking mod-
els and show preliminary results on how they apply
to the stimulation of OTN-3. We show that the pre-
dictions from these models overestimated the final
maximum magnitude observed during the stimulation.
The following three sections introduce the models,
followed by a comparison of their use for the OTN-3
stimulation.

McGarr 2014 model: While the assumptions of the
McGarr (2014) model are invalid for this application,
we have nevertheless included a review of its use as
it is commonly used for maximum magnitude esti-
mation. The McGarr (2014) model is a blend of a
physical and statistical model, which assumes that all
the strain caused by the injection of water is released
seismically. The seismicity is assumed to follow a
GR distribution with a b value of 1. Based on these
assumptions, McGarr (2014) proposed that the seis-
mic moment of the largest earthquake Mmax

o was:

Mmax
o = G × V, (4)

where G is the shear modulus (or modulus of rigidity)
of the rock and V is the net injected volume of fluids in
the rock. The moment magnitude of the largest event
Mmax is related to its moment through the Hanks and
Kanamori (1979) moment-magnitude formula:

Mmax = 2

3

(
logMmax

o − 9.1
)
. (5)

Although this model is regularly cited and referred
to, it should not apply in the case of the stimulation of
OTN-3 for the three following reasons:

– Recent experiments of water injected in faults
(e.g., Guglielmi et al. 2015) have shown that the

the strain caused by fluid injection may be accom-
modated by aseismic creep on the fault rather
than by seismic events, which would be in direct
contradiction with the main assumption of the
McGarr (2014) model that all the strain caused by
the injection of water is released seismically;

– The McGarr (2014) model predicts that the pos-
sible maximum magnitude is the same for all
sites, regardless of their geology, seismotectonic
setting, or background seismicity; and

– Finally, Eq. 4 assumes a b value of one. More
generally, the McGarr (2014) model can only
handle b value up to 1.5: the model yields
negative seismic moments (i.e., imaginary magni-
tudes) for b ≥ 1.5, while in practice such b values
greater than 1.5 are quite common in geother-
mal induced seismicity (e.g., Bachmann 2012;
Grünthal 2014).

Hallo et al. (2014) proposed further modifications of
the McGarr (2014) model, such as including a seismic-
efficiency prefactor to Eq. 4. This would indeed solve
the first issue with the model, and potentially the
second issue, but the third issue would remain.

Finally, it is worthwhile to note that Mignan et al.
(2019) showed that the recent Pohang earthquake is
far above the predicted limit by the McGarr (2014)
model (Mignan et al. 2019). This is due to the fact
that the Pohang earthquake released previously stored
elastic energy, while the McGarr (2014) model locks
the budget of seismic energy to the injected hydraulic
energy.

Van der Elst et al. 2016 model: The Van der Elst et al.
(2016) model is a purely statistical model based on
the Shapiro et al. (2010) formula, which states that
induced seismicity follows a usual GR magnitude-
frequency distribution, where the a value depends on
the net volume V of fluids injected and a seismogenic
index, � (Shapiro et al. 2010; Van der Elst et al. 2016):

log N≥ML
= a − bML, (6)

a = log V + �, (7)

where N≥ML
is the number of events with magnitude

greater than or equal to ML; V is the net injected
volume of fluids, in cubic meters; and � is the seis-
mogenic index. Van der Elst et al. (2016) used this for-
mula to compute the expected maximum magnitude
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during injection, together with confidence intervals:

Mmax = log V + �

b
. (8)

The Van der Elst et al. (2016) model is a parameter-
dependent model, as the seismogenic index � and the
b value must be estimated to compute the maximum
expected magnitude at a given injected volume. These
two parameters can be estimated after a sufficient
volume of fluid has been injected so that enough
events have been recorded to compute the GR model
parameters. The main assumptions in this model are
as follows:

– Both the seismogenic index � and the b value are
constant throughout fluid injection or at least vary
over a time period much larger than the prediction
window; and

– The seismicity follows a GR magnitude-frequency
distribution.

These assumptions are a priori reasonable, although
we will see later that they might not have been entirely
satisfied during the stimulation of OTN-3.

Galis et al. 2017 model: The Galis et al. (2017)
model is a physical model based on rupture physics,
which assumes that ruptures on faults are self-arrested,
i.e., do not propagate across the entire fault (Galis
et al. 2017). Based on these assumptions, Galis et al.
(2017) propose that the seismic moment of the largest
earthquake Mmax

o is:

Mmax
o = γ × V 2/3, (9)

where γ is a reservoir-dependent parameter and V is
the net injected volume of fluids in the rock. Simi-
larly to the seismogenic index � in the Van der Elst
et al. (2016) model, the parameter γ in the Galis et al.
(2017) model can be estimated after an initial volume
of fluids has been injected and some seismicity has
been recorded. In the case where the b value is equal
to 1, there is actually a direct relationship between the
Galis et al. (2017) γ parameter and the Shapiro et al.
(2010) seismogenic index (Galis et al. 2017):

� = 2

3
(log γ − 9.1) . (10)

Application to OTN-3 stimulation: Figure 13 shows
the maximum magnitudes predicted by the three
forward-looking models presented above as a function
of the net injected volume of water during the stimula-
tion of the well OTN-3. The evolution of the maximum
magnitude observed as the injection progressed is also
plotted in Fig. 13.

The parameters for the Van der Elst et al. (2016)
model have been computed from the GR parameters
in Fig. 5 and based on a total injected volume of flu-
ids of 18,160 m3. This yields a b value of 1.32 and
a seismogenic index value, �, of −1.13. The γ value
in the Galis et al. (2017) model has been taken as
γ = 1.8 × 106, based on the maximum magnitude
recorded during the first 3000 m3 of water injected.

Figure 13 suggests that, as expected, the McGarr
(2014) model largely over-predicted the maximum
magnitude for the OTN-3 stimulation. For example,
the McGarr (2014) method predicted a magnitude
ML2.3 event after only 100 m3 of injection and ML3.7
by the end of the stimulation. As noted above, in this

Fig. 13 Predictions of the
maximum magnitude with
respect to the net injected
volume, according to the
McGarr (2014), Van der Elst
et al. (2016), and Galis et al.
(2017) models, compared
with the maximum
magnitude observed during
the injection. The 95%
confidence intervals for the
Van der Elst et al. (2016)
model are indicated in grey
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form, the McGarr (2014) model is not appropriate for
the geologic setting at this project site.

Both the Van der Elst et al. (2016) and the Galis
et al. (2017) models predicted a maximum magni-
tude of ML2.4 by the end of the stimulation, after
18,160 m3 of water would be injected. The proba-
bilistic nature of the Van der Elst et al. (2016) model
provides a tool to compute statistics on the maximum
magnitude expected during the stimulation. Figure 14
shows the PDF of the maximum magnitude and the
exceedance probabilities of different magnitudes by
the end of the stimulation of OTN-3. The following
predictions of the model should be highlighted:

– The Van der Elst et al. (2016) model predicts a
90% probability to have had a alert during
the stimulation of OTN-3;

– The 95% confidence intervals on the maximum
magnitudes are at 1.94 and 3.58; and

– The maximum magnitude observed of ML = 1.9
lies right at the edge of the 95% confidence inter-
vals and would have had a probability of 98.5%
to be exceeded during the stimulation of OTN-3,
according to the Van der Elst et al. (2016) model.

The fact that both the Van der Elst et al. (2016)
and the Galis et al. (2017) models overestimated the
maximum magnitude owes to the apparent non-linear
deviation from the GR distribution for ML ≥ 1.5, as
noted in Fig. 5. Both the Van der Elst et al. (2016) and
the Galis et al. (2017) models implicitly assume uni-
form magnitude-frequency properties of the seismicity
at all magnitudes and this is why they over-predict
the maximum magnitude in this case. Besides, by

Fig. 14 Probability density
function of the maximum
magnitude expected and
probability of exceedance
of different event
magnitudes during the
stimulation of OTN-3,
according to the Van der
Elst et al. (2016) model
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Fig. 15 Magnitude-
frequency GR distribution
of events as in Fig. 5 but
with 66% and 95%
confidence intervals to the
Gutenberg-Richter
distribution represented

only looking at the total net volume injected, these
models do not account for the time history of the
injection. In particular, they do not consider the time
evolution of hydraulic energy build up and energy
dissipation during periods of pumping and resting
(Kwiatek et al. 2019).

To further assess whether the deficit in large events
is a simple statistical realisation of a linear Gutenberg-
Richter distribution or a true feature, we have added
the 66% and 95% confidence intervals to the GR dis-
tribution in Fig. 15. These confidence intervals were
computed by randomly generating 10,000 earthquakes
catalogues of 1357 ML ≥ 0 events, with magnitudes
generated according to an exponential distribution cal-
ibrated on the GR parameters. Figure 15 shows that
the larger magnitude end of the magnitude-frequency
distribution of the events occurring during the stimula-
tion falls right at the lower edge of the 95% confidence
intervals of the GR distribution. This is consistent
with the fact that the maximum magnitude observed is
just outside the 95% confidence intervals of the pre-
dictions from the Van der Elst et al. (2016) model
(Figs. 13 and 14). Indeed, the confidence intervals of
the Van der Elst et al. (2016) model correspond to the
confidence intervals at N≥ML = 1 in Fig. 15. This
suggests that the dip of the magnitude-frequency dis-
tribution at ML ≥ 1.5 has less than 5% probability
to be a simple statistical deviation from the Gutenberg
distribution and can therefore be considered unlikely
to be a simple statistical effect. Similar results were
obtained by Kwiatek et al. (2019) for the extended
catalogue.

Similar deviations from the GR relationship at
higher magnitudes have been observed at other deep
geothermal stimulation projects globally, such as in
Soultz-sous-Forêts, France (Shapiro et al. 2013). This
deviation has also been observed in waste-water
injection and hydraulic fracturing projects in Canada
(Schultz 2018). However, such a deviation was not
observed at the geothermal stimulation projects in
Basel, Switzerland (Shapiro et al. 2013), Rose-
manowes, Cornwall, UK (Bachmann 2012), or The
Geysers, USA (Kwiatek et al. 2015).

Understanding the mechanisms which govern
whether or not elevated seismic events follow the
Gutenberg-Richter relationship is critical to the man-
agement of geothermal stimulation and the implemen-
tation of forward-looking models into more advanced
types of TLSs. By understanding under what con-
ditions higher-magnitude events will be less than
that predicted by the Gutenberg-Richter distribution,
greater clarity will be obtained in project risks during
stimulation, and will lead to more effective mitiga-
tion and management measures. While understanding
the physical mechanisms at play lies well outside the
scope of this project, the geothermal research commu-
nity should recognise the importance of this area of
research.

6 Conclusion

The stimulation of OTN-3 was the deepest geother-
mal well stimulation in the world so far. A TLS was
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designed in order to regulate and mitigate seismic
hazard related to the fluid-induced seismicity. The
validation of the TLS by the local regulator was con-
tingent upon demonstrating fitness for purpose and
robustness with respect to specific challenges:

– Owing to the low levels in seismicity in Finland,
there was very little seismic data available for the
calibration and design of the TLS;

– The stimulation took place beneath a large urban
area, which meant a large and densely populated
area with multiple sensitive receptors and high
levels of vibration noise (especially from con-
struction blasting), which posed a risk of false
alerts; and

– The population was reportedly very sensitive to
earthquakes, leading to the potential risk of bad
public perception, which has been known to shut
off geothermal projects in the past (Diehl et al.
2017; Giardini 2009).

On the operator side, TLS thresholds that would be
too conservative might have represented a strong oper-
ational burden and might have impaired the financial
viability of the project (Mignan et al. 2019).

In this paper, we detailed the elements of the TLS
put in place to effectively mitigate the hazard and
risk of induced seismicity during the stimulation. We
present a methodology to establish the TLS thresh-
olds, which can easily be transferred to other projects
in different areas of the world, regardless of their
depth. This methodology can be used in environments
rich or poor in seismic data, and enables for straight-
forward updates of the TLS as data becomes available.
The methodology would only require further adapta-
tion if it were to be applied in a seismically active area,
in order to better take into account the potential natural
seismicity.

The design of the TLS thresholds relies on two
parameters, which are usually quite practical to agree
on with a regulator: the acceptable levels of sur-
face ground motion and the probability to reach
them. Reaching a consensus on acceptable levels of
ground motion is usually facilitated by existing reg-
ulations and best practices, so that the discussion
can be streamlined by factual evidence. In terms of
the probabilities to reach agreed levels of ground
motions, the range of 2 to 10% used in the pre-
sented design proved to be conservative enough to
mitigate seismic hazard for the population and the

built environment, without impairing the stimulation
operations.

The implementation of the TLS during the stim-
ulation of OTN-3 progressed smoothly and the TLS
thresholds turned out to be well adapted to mitigate
seismic hazard. The data collected during the stim-
ulation was used to compute a site-specific GMPE,
with uncertainties reduced by a factor of three, com-
pared with the more general GMPEs used in the initial
design of the TLS. This site-specific GMPE, together
with lessons learnt during the stimulation, was used to
design a revised TLS.

In the future, it would be desirable to pair the tradi-
tional TLS with a more advanced ATLS by relying on
forward-looking models. In the case of the stimulation
of OTN-3, the existing forward-looking models would
have over-predicted the level of hazard, which would
have had a negative impact on the operations. The
forward-looking models still appear to require some
site-specific tuning before they can be used as a reli-
able tool for prediction of induced seismicity during a
similar geothermal well stimulation project.
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