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Abstract. Geothermal systems in the Hengill volcanic area,
SW Iceland, started to be exploited for electrical power and
heat production since the late 1960s. Today the two largest
operating geothermal power plants are located at Nesjavellir
and Hellisheiði. This area is a complex tectonic and geother-
mal site, located at the triple junction between the Reykjanes
Peninsula (RP), the Western Volcanic Zone (WVZ), and the
South Iceland Seismic Zone (SISZ). The region is seismi-
cally highly active with several thousand earthquakes located
yearly. The origin of such earthquakes may be either natural
or anthropogenic. The analysis of microseismicity can pro-
vide useful information on natural active processes in tec-
tonic, geothermal and volcanic environments as well as on
physical mechanisms governing induced events. Here, we in-
vestigate the microseismicity occurring in Hengill area, us-
ing a very dense broadband seismic monitoring network de-
ployed in Hellisheiði since November 2018, and apply so-
phisticated full-waveform based method for detection and
location. Improved locations and first characterization indi-
cate that it is possible to identify different types of micro-
seismic clusters, which are associated with either produc-
tion/injection or the tectonic setting of the geothermal area.

1 Introduction

The Hengill volcanic system is located in Iceland in the
southern end of the western volcanic zone (WVZ), at the
triple junction between the WVZ, the Reykjanes Peninsula
(RP), the landward extension of the Reykjanes spreading
ridge, and the South Iceland Seismic Zone (SISZ), i.e. the
left-lateral transform zone (Saemundsson, 1979; Einarsson,
2008). Therefore, the area is characterized by a complex lo-
cal geology and tectonic setting, and intense seismicity.

The Hengill complex is primarily composed by three main
volcanic systems, which are, from SE to NW with decreas-
ing age, Grændalur (0.3–0.5 My), Hrómundartindur (Ölkel-
duháls) in decline, and Hengill, with the present-day volcanic
activity (Arnason et al., 2010).

The dominant tectonic trend of the area is extensional,
with the distribution of major faults and eruptive fissures
oriented NNE, parallel to the accretionary zones (Foulger
and Toomey, 1989). South of 64� N, in the SISZ, the area is
characterized by a transform faulting with the main tectonic
structures striking N–S.

The Hengill geothermal system has been exploited for
electrical power and heat production since the late 1960s
(Gunnarsson et al., 1992). The natural geothermal activity
is expressed by numerous hot springs and fumaroles spread
throughout the area around the volcanic system (Saemunds-
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Figure 1. Seismic network considered here is composed by stations from IMO (light blue), ISOR (blue) and COSEISMIQ (green). The two
Nesjavellir and the Hellisheidi geothermal field are marked with white squares.

son, 1995; Arnórsson et al., 2008). In this region, the two
largest operating geothermal power plants, respectively at
NE and SW of Hengill area, are the Nesjavellir and the
Hellisheiði geothermal plants, where electricity and hot wa-
ter are extracted.

Due to its complex tectonic setting, this area is highly
seismically active with several thousand earthquakes located
yearly. In this region, earthquakes have M>6 in the neigh-
bouring SISZ, and M>5 in the Hengill area (Rögnvaldsson et
al., 1998; Árnadóttir et al., 2001; Vogfjörd and Slunga, 2003;
Pedersen et al., 2003; Jakobsdóttir, 2008; Hreinsdóttir et al.,
2009; Decriem et al., 2010). According to previous studies
(Julian et al., 1997; Miller et al., 1998; Foulger, 1988a, b;
Foulger and Toomey, 1989; Sigmundsson, 1997), the seismic
activity at the Hengill triple junction can be mostly divided
in two groups. First, infrequent intense episodes, occurring
along the accretionary plate boundary and the transform zone
(SISZ), outside the high temperature geothermal area. Sec-
ond, background of small-magnitude earthquake activity that
occurs more frequently a potentially related to geothermal
energy exploitation activities. Since both anthropogenic and
natural seismicity occur at the Hengill area, it is important
to understand the relationship between the seismic activity
and geothermal exploitation, as well as discriminating be-
tween natural and induced seismicity. There are already a
few reported cases of induced seismicity such as the M 4.0
induced events in 2011 (Bessason et al., 2012) and the Hver-
ahlíð cluster (Kristjánsdóttir et al., 2020). The 2011 earth-
quakes occurred during rapid changes in the injection rates,
but their triggering mechanism is still disputed. It may either

be related to Coulomb stress changes, due to the depletion
effects associated to the geothermal production operations,
or to pore pressure transients from fluid injection.

The analysis and characterization of microseismicity re-
quires a seismic monitoring infrastructures allowing to
record a massive number of low SNR events. However, the
analysis of microseismicity is challenging since recorded
seismic signals are often characterized by low amplitude,
high-frequency content and strong seismic noise contamina-
tion, with low signal-to-noise ratio. Therefore, to improve
the performance for the analysis of large microseismicity
dataset, alternative methods (i.e. detection, location, magni-
tude and source mechanisms determination) have been re-
cently proposed (e.g. Cesca and Grigoli, 2015, and references
therein). This is particularly true for induced seismicity ap-
plications in seismically active areas, where seismic events
can have natural origin or can be linked to several indus-
trial activities such as: hydrocarbon extraction and natural
gas storage operations, shale gas exploitation, geothermal
energy exploitation, mining operations, and water impound-
ment (Grigoli et al., 2017).

Here, we focus on microseismicity analysis at Hengill
geothermal area; we use a dense seismic network deployed
since November 2018 with support of the GEOTHERMICA
project COSEISMIQ (COntrol SEISmicity and Manage In-
duced earthQuakes) and apply an automated waveform-
based techniques to locate seismic events. The method is
based on the stacking of the Short Time Average to Long
Time Average ratio (STA / LTA) traces at all stations using
both P and S phases. The main advantages of this method
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Figure 2. Recorded seismograms and power spectra of the event occurred on 25 January 2019 with magnitude 1.1 in raw (a) and after filtering
between 2–15 Hz (b). Green box and lines are related to short period station (LSKAR), while blue ones refer to broad-band stations (LAK24,
in green). Red solid and dashed lines indicate the most energetic frequency band recorded respectively by short period and broad-band
stations.

are (1) phase identification and picking are not required, (2)
it can be successfully applied to noisy data, (3) it is fully-
automated (Grigoli et al., 2013) and (4) it can be used to
compare the quality of different velocity models for a par-
ticular area.

2 Network and dataset

Seismicity in Hengill area is monitored by the regional seis-
mic network (the SIL network) operated by the Icelandic
Meteorological Office (IMO) since 1990s (Böðvarsson et
al., 1996). In October 2016 seismic network has been ex-
tended with additional permanent seismic stations by Ice-
land GeoSurvey (ÍSOR) and ON Power (ON). Since Septem-
ber 2018, within the EU-GEOTHERMICA project CO-
SEISMIQ (COntrol SEISmicity and Manage Induced earth-
Quakes), the number of stations operating in the Hengill
geothermal area has increased to 40 (Fig. 1). The core ob-
jective of COSEISMIQ project is to monitor and control in-
duced seismicity, combining advanced seismological meth-
ods for seismicity characterization and subsurface imaging
with geomechanical modelling techniques and risk analysis
tools. The Hengill area was chosen as a demonstration site
due to (1) the fully operational and commercially success-

ful Hellisheiði geothermal power plant, (2) both natural and
induced seismicity is common; (3) the area is uninhabited
with a low population density in the area’s vicinity lead-
ing to lower risk. The dense seismic network allows a bet-
ter monitoring, and microseismic analysis and testing of data
intensive techniques. The seismic network consists of com-
bined permanent and temporary short (5 and 1 s) – and broad-
band (120 and 60 s) sensors, installed by the COSEISMIQ
team, with overall local 40 stations within an area of about
35 ⇥ 35 km2 (Fig. 1). Data sampling rate is 100 Hz.

The dataset considered here consists of about 637 events
with 0.8<ML<4.7 recorded between 22 December 2018 and
31 January 2019. The dataset includes a seismic sequence
occurred at the end of December, with the ML4.7 mainshock
that took place on 30 December 2018. We discuss the seis-
micity recorded in the Hengill area, starting few days before
the mainshock and until end of January 2019. With the ex-
ception of the ML4.7 mainshock, the dataset is characterized
by low-magnitude earthquakes (ML<3), with high frequency
(f >1 Hz) and noise contaminated signals, which underline
the need of robust automated analysis techniques. Seismic
noise (frequency range of 0.2–0.4 Hz) strongly affect events
with ML<2 and has a more effect on the broad-band seismic
stations (Fig. 2a).
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Figure 3. Three 1-D velocity models for P (solid lines) and S
(dashed lines) waves tested.

Figure 4. Coherence values for the three velocity models. The Tryg-
gvason et al. (2002) model shows the best values of coherence.

3 Methods

Here, we computed earthquakes location using the LOKI
algorithm (Location of seismic events through traveltime
staking, Grigoli et al., 2013), a modified version of Source
Scanning Algorithm (SSA) method developed by Kao and
Shan (2004) and specifically designed for microseismic mon-
itoring. Basically, LOKI performs a grid-search on a discrete
volume and for each grid-point (i.e. potential earthquake
hypocenter) evaluate a coherence level by stacking processed
waveforms along the calculated traveltimes corresponding to
that grid-point (Grigoli et al., 2013).

In order to locate the seismic events, LOKI uses non-
negative processed waveforms (that we call stacking func-
tions) based on the Short Time Average to Long Time Av-
erage ratio (STA / LTA) traces of all available stations. The
algorithm first compute two characteristic functions, a first
one sensitive to the P-phase onset and a second one sensi-

tive to S-phase arrival. The P stacking function is defined
as the STA / LTA of energy of vertical component of seismic
trace, whereas the S stacking function is the STA / LTA of the
maximum eigenvalue of the instantaneous covariance ma-
trix of the horizontal components traces. To locate an event,
we need to define a grid space containing the seismogentic
zone, where each grid point respresents a potential source lo-
cation (x, y, z). For each possible trial source location, the
theoretical arrival times for P and S onset at all stations of
recording network have been computed. Then, the stacking
of STA / LTA traces have been performed along theoretical
P and S arrival times and estimating their coherence. To re-
move the attenuation effect due to geometrical spreading,
waveform normalization is required; in this way we avoid
that stations close to source dominate the stacking (Gigoli et
al., 2013).

Iterating this procedure on a 3-D grid, it is possible to re-
trieve a coherence function, which is bounded between 0 (no
coherence) and 1 (perfect coherence for both P and S phases).
This function is a measure of the coherence of the seismic
wavefield for different source locations and origin times, es-
timated along both the P and S theoretical travel time surface.
At the correct location and time step the waveform-stacking
process gives an absolute maximum in terms of coherence,
corresponding to the earthquake spatial coordinate.

The uncertainties of solutions are estimated by perturbing
the STA / LTA parameters (i.e. the length of both long- and
short- time windows) and relocating each event several times.
From the location distribution, weighted mean and standard
deviation have been computed. The weighted mean provides
the best estimation of the hypocentral location, while uncer-
tainties information can be directly extracted from standard
deviation.

3.1 Application to Hengill dataset

To increase the signal-to-noise ratio, a bandpass filter from 2
to 15 Hz has been applied to the entire dataset (Fig. 2b).

Before analysing the whole dataset, we first tested three
different velocity models available for the Hengill area
(Fig. 3): two local velocity models from IMO (Icelandic Me-
teorological Office) (Kristín Vogfjörð and Sigurlaug Hjal-
tadóttir, 2007), and a third one extracted from Tryggvason et
al. (2002). Thus, we performed earthquake locations compar-
ing the performance of the three velocity models with a small
dataset consisting of ⇠ 50 seismic events homogeneously
distributed within the target area. In analogy, with the veloc-
ity analysis performed in reflection seismics, the coherence
among waveforms can be used to evaluate the “goodness” of
a particular velocity model with respect to other ones. While
RMS values strongly depend on the quality of pickings and
on the number of phases considered, the use of coherence
values and waveform-based techniques (which are picking
free) allows to automatize this step and provide robust com-
parison of the quality of different velocity models.
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Figure 5. Example of coherence matrix related to ML1.6 earthquake occurred on 30 December 2018. The coherence matrix XY is obtained
by projecting, for each (X, Y ) point, its maximum along Z direction (coherence matrices XZ and YZ are obtained in similar way). Coherence
values are represented in color scale.

Figure 6. Histogram plots show (1) the number of events automated located (blue bars) within a given distance from the manual locations (a)
and (2) standard deviation of results (red bars, b).

To compute P and S travel-times for each velocity model
we use the Eikonal finite difference scheme of Podvin and
Lecomte (1991) implemented within NonLinLoc (Lomax et
al., 2000).

Taking into account the size of seismogenic zone, we de-
fined a 3D cartesian grid space set to 136 ⇥ 126 ⇥ 50 km3

with 0.4 km grid spacing. For each possible trial source loca-
tion, the theoretical arrival times for P and S onset at all 40
stations of the recording network have been computed. The
STA / LTA traces were computed using a short-time window
length in range of 0.1–0.15 s, the long-time window is twice
as long. Uncertanties have been estimated by random pertur-
bation (5 times) of STA and LTA windows length ranges.

Hence, based on maximum estimated coherence val-
ues, providing direct information of the best estimation of
hypocentral location, we choose the best velocity model and
then perform the location of all 637 earthquakes.

4 Results

On the basis of the maximum estimated coherence values, we
have chosen the best velocity model; the higher values of co-
herence belong to locations computed using the Tryggvason
et al. (2002) velocity model (Fig. 4).

The location of all 637 seismic events was successfully ob-
tained with an average of maximum coherence value of about
0.6. Figure 5 shows and example coherence matrices XY,
XZ, and YZ related to the earthquake occurred on 2018 De-
cember 30 with ML = 1.6; coherence values are represented
in colour scale, showing a clear absolute maximum.

Uncertanties of solutions, as standard deviation, and the
comparison of our location results with those obtained with
manual procedure are shown in Fig. 6; ⇠ 80 % of automated
located events are within 1 km from the reference manual lo-
cation.
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Figure 7. Map and two orthogonal NS and EW vertical sections of 637 earthquakes occurred between 22 December 2018 and 31 Jan-
uary 2019. Located seismic events are color-coded according to depth, arrows in crsoss sections indicate the location of Hellisheidi and
Nesjavellir geothermal plants, the coloured triangles represent the seismic stations of different networks.

Figure 8. Cumulative plot shows the standard deviation of the location results for shallow in-network (in red) an deep outside-network
(green) events.

Figure 7 shows the map with located events and two or-
togonal vertical cross-sections along latitude and longitude.
Events are color-coded according to their depth. Seismicity
appears clustered with most of hypocentre-depths distributed
between 1 and 8 km. In particular, we note that shallower
events (with hypocentre <4 km) are mostly located in the
geothermal area, whereas most of deeper events appear as
a big separate cluster in the southern part of the area, in the
neighbouring SISZ.

5 Discussion and Conclusion

We applied an automated waveform-based method for earth-
quake location to a dataset characterized by a significant
number of low-magnitude events in the Hengill geothermal
area, which provide robust results even with low signal-to-
noise ratio datasets (Grigoli et al., 2018).

We first tested three different velocity models choosing the
best one (Tryggvason et al., 2002) on the base of maximum
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estimated coherence values, and then we computed earth-
quake locations.

Hypocentral distribution map and cross-section views
(Fig. 7) highlight the depth distribution of seismicity:
(1) shallower events, with depth less than 4 km, occurred in
the proximity of the geothermal fields and seem to be clus-
tered in three small clusters; (2) most of deeper events appear
as a bigger separate cluster located outside the geothermal
area.

Thus, based on the earthquakes location results, we can
divide the seismicity in two main groups. The first group is
composed by shallower events and could be associated, at
some exten, to geothermal energy exploitation operations in
the area. The second one, occurring deeper and at the edge
of geothermal area, might be associated to tectonic transform
zone SISZ. In particoluar, the deepest and separate cluster of
events occured in the south of study area, shows a depth-
trend E-dipping (see cross-sections in Fig. 6). Separate clus-
ters further south of geothermal area have been already ob-
served in previus studies (Foulger, 1988a, b) and associated
to tectonic process in the SISZ.

Our results are in agreement with those obtained by man-
ual location, with high resolution results, especially in the
depth estimation (Grigoli et al., 2018). We computed uncer-
tainties providing information about the quality and stability
of the solutions (i.e. larger uncertainties are related to less
stable solutions). The comulative plot (Fig. 8) shows the stan-
dard deviation of locations of the two depth groups: shal-
low events (in red), mostly located in center of geothermal
site, have lower values of uncertaintes than deep events (in
green). Shallow events are better constraned by all network,
highlighting that the quality of solutions also depends on the
number of stations used for the STA / LTA stacking process.

Our results indicate that we have a fully automated and
robust tool for the location of microseismic data, whose so-
lutions are directly used for seismological analysis and ad-
vanced interpretation in a complex tectonic and geothermal
site.
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