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ABSTRACT

The Hengill area is a complex tectonic and geothermal site, located at the triple junction
between the Reykjanes Peninsula (RP), the Western Volcanic Zone (WVZ), and the
South Iceland Seismic Zone (SISZ). Geothermal systems in the vicinity of the Hengill
volcano are exploited for electrical power and heat production, and today the two largest
operating geothermal power plants are located at the Nesjavellir and the Hellisheidi. The
region is seismically highly active with several thousand earthquakes located yearly, and
whose origin may be either natural or anthropogenic. The thesis focuses on the analysis
and investigation of the M; 4.7 mainshock and the seismicity starting few days before the
mainshock and in the following 30 days of the sequence, to understand the source
mechanisms and to discriminate the origin of these seismic events. | use a very dense
seismic monitoring network deployed since November 2018 and apply robust and full-
waveform based methods for earthquake location, clustering analysis and source
mechanism determination. To discriminate between natural and induced earthquakes, |
also consider the spatial and temporal correlation between injections and seismic events.
Results show that seismicity is clustered, highlighting how shallower events are located
in the center of the geothermal area, near the geothermal plants, while deeper ones
occurred at the edge of the geothermal site and in the southern part of the study area.
Moreover, shallower seismicity near Hellisheidi boreholes show a relationship with
injection activities and presents a large non-double-couple and isotropic components of
moment tensor solutions, suggesting the influence of geothermal activity and geothermal
energy exploitation on their origin. Deeper seismicity, far from injection sites and close to
deviatoric solutions of the moment tensor, might have a more a natural origin due to

tectonic and geothermal activity.
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1. INTRODUCTION

1.1 NATURAL AND INDUCED SEISMICITY

In recent years, the discrimination between natural and induced seismicity has attracted

considerable interest in the scientific community (Ellsworth et al 2013).

Natural seismicity is mostly caused by tectonic process occurring as shear faulting.
However, deviations from pure shear faulting have been observed in volcanic and
geothermal environments (Miller et al., 1998; Klein et al., 1977; Arnott and Foulger, 19943,
b; Vavryicuk 2002; Martens & White, 2013, Fischer et al., 2014; Sgattoni et., 2016), where
the circulation of high-pressure and temperature fluids and magma intrusion occur and
can facilitate combinations of shear and tensile faulting as well as the opening of tensile
cracks. Examples of seismicity in volcanic and geothermal areas are the microseismicity
at Long Valley Caldera, California (Foulger et al., 2004) caused by hydraulic fracturing,
seismic activity of Krafla volcano, Iceland (Eirnasson 1991) and swarm seismicity
associated with deep fluid reservoirs, Czech Republic (Cox 2016).

Seismicity can be even induced by industrial activities, such as hydrocarbon extraction
and natural gas storage operations, shale gas exploitation, geothermal energy
exploitation, mining operations, and water impoundment (see Grigoli et al., 2017, for a
review). Such activities may alter the stress field of the shallow Earth's crust inducing
seismicity. Although, the term “induced seismicity” generally refers to man-made
earthquakes, several studies (McGarr and Simpson 1997; Shapiro et al. 2013; Dahm et
al., 2012: 2015), distinguished between “triggered” and “induced” earthquakes. In the first
case, the occurrence of a seismic event is ‘anticipated’ because of a stress perturbation
on favourable oriented faults that are prone to natural failure in the future. In the second
case, the seismicity is fully controlled in nucleation and size by stress change produced
by human operations.

Several cases from low to moderate seismicity related to industrial operation have been
reported in recent years. Among the key examples | may cite St. Gallen, Switzerland
(Deichmann and Giardini, 2009; Kraft and Deichmann, 2014; Edwards et al., 2015) and
the Geyser geothermal field, California (Eberhart-Phillips and Oppenheimer, 1984; Ross



et al., 1996, 1999; Martinez-Garzon et al. 2017), where the stimulation of unconventional
hydrocarbon reservoirs, geothermal systems, and wastewater injection can trigger or
induce seismic events as a consequence of tensile fractures opening. Other cases of
induced events are reported in Europe, for instance, in Basel, Swizerland (Haring et al.
2008), at the Groningen gas field, Netherlands (Bourne et al., 2014), and at the Castor
Project gas storage, Spain (Cesca et al.,, 2014). Cases of induced events with larger
magnitude (M > 5) have been also reported, for instance the 2011 Mw 5.6, 2016 Mw 5.1
and Mw 5.8 events occurred in Oklahoma, United States, associated with wastewater
injection operations (Ellsworth 2013, Langenbruch and Zoback, 2016) and the Mw 5.5
Pohang induced earthquake, South Korea, due to enhanced geothermal stimulation
(Grigoli et al., 2018; Ellsworth et al., 2019).

With the growing number of industrial-related seismicity, the monitoring and analysis of
such events have become increasingly important. A dense seismic monitoring
infrastructure allows to detect even low magnitude events with low signal-to-noise ratio,
and plays a fundamental role to test the efficiency of the industrial activity and to assess
the seismic hazard. The lack of an adequate monitoring network, on the contrary, does
not allow to quickly detect seismicity, to accurate analyse it and, finally, to properly
estimate the hazard related to industrial operations. Few important examples are
Blackpool (UK, Clarke et al., 2014), Castor (Spain, Cesca et al., 2015; Gaite et al., 2016),
Basel (Switzerland, Haring et al. 2008) and Pohang (South Korea, Grigoli et al. 2018,
Ellsworth et al. 2019) cases where industrial activities were definitively interrupted after

the occurrence of felt seismic events.

These cases highlight the potential socio-economic impact of induced seismicity and the
risk associated with, demonstrating the importance to investigate, and monitoring such

seismic events.

In particular, this concept becomes relevant for industrial applications in seismically active
areas, where both natural and induced seismicity may occur and where their

discrimination and the assessment of origin processes are needed.

For instance, in some geothermal project sites, seismic events due to the geothermal
power production occur together with natural seismicity, arising from tectonic, magmatic
and geothermal sources. Examples are the Gayser geothermal field (California, Eberhart-
Phillips and Oppenheimer, 1984; Ross et al., 1996, 1999; Guilhem et al., 2014; Martinez-
Garzon et al. 2017), the Coso geothermal field (California, Manley and Bacon, 2000;
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Hauksson and Unruh, 2007; Kaven et al., 2014; Schoenball et al., 2015), the Salton Sea
geothermal filed (California, Brodsky and Lajoie, 2013; Cheng and Chen, 2018) and at
Soultz-sous-Foréts (France, Cornet et al 1997; Dorbath et al. 2009, Cuenot et al. 2008,
2015). Other examples are at Lacq gas field area (Southwestern France, Maury et al.,
1990; Grasso and Wittlinger 1990; Segall 1994, Bardainne et al., 2008), where seismicity
is linked to the gas production and to Pyrenean tectonic stress, and in some mining
activity sites (Bischoff et al., 2010; Cesca et al., 2013; Wilson et a., 2015; Koper et al.,
2016).

The problem of the discrimination between natural and induced seismicity is complex, still
unsolved and an active topic of research. Among the different approaches to tackle this
problem the spatio-temporal correlation between human activity and earthquakes
occurrence proximal to industrial sites is probably the most direct one (Goebel et al.,
2015). A qualitative approach allowing to discriminate between natural and induced
seismicity and that uses the spatio-temporal correlation between seismicity and industrial
activities is based on a set of YES-NO criteria (Davis and Frohlich, 1993; Davis et al.,
1995); if more than half of the questions are answered by YES, the event is considered
to be likely induced. An improved version of this last approach is proposed by Verdon et
al., (2019), in which the final outcome is composed by two scores: the first one reflects
whether events are induced or natural, the second one represents the strength of

available evidence.

Dahm et al (2012), suggested three different discrimination approaches: physics-based
probabilistic method, statistics-based method, and source parameters-based method.
The first approach quantifies the probability that a given earthquake is triggered by a
given stress-inducing phenomenon (Passarelli et al., 2013; Dieterich et al., 2015).
Statistics methods are based on the detection of changes in statistical parameters of the
observed seismicity (Hainzl et al., 2005; Schoenball et al., 2015; Zaliapin et al., 2016),
which may be correlated with industrial activities. The third method assess the origin of
earthquake based on the difference in earthquake source parameters; for instance, a high
isotropic component of moment tensor may indicate an induced origin (Syleny et al.,
2009; Cesca et al., 2013; Koper et la., 2016; VavryCuk 2015). In addition, recent hybrid
discrimination methods, joining physical and statistical approaches and accounting for
detailed seismic source parameter have been proposed (Dahm et al., 2015). However, it
is important to mention that a standardized scheme or recipe to discriminate induced

earthquakes from natural one still not exists, and that the choice to follow one approach
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with respect to other ones often depends on the availability of data (e.g. hydraulic,

geological and geomechanical data).

1.2 THESIS OUTLINE

In this thesis, | focus on the analysis of seismicity in the Hengill geothermal area, located
in SW of Iceland. The region is characterized by a complex geological and tectonic setting
and it is affected by an intense seismic activity, with several thousand earthquakes located
yearly. Furthermore, Hengill is a high-temperature geothermal area hosting two of the

largest geothermal power plants of the country.

Due to the presence of industrial operations that may induce or trigger earthquakes in a
seismically active area, the problem of discriminating among natural and induced events

in the Hengill region is important.

| investigate the M; 4.7 mainshock occurred on 30 December 2018 and the seismicity

recorded at Hengill area from 22 December 2018 to 31 January 2019.

The dataset consists of 636 seismic events, 98% of them with magnitude below 2 and

characterized by a strong noise contamination.

| use a very dense broadband monitoring network applying semi-automated full
waveforms and noise-robust methods to understand their physical source mechanisms,
origin and the role of potential natural and anthropogenic drivers of these seismic events.
To discriminate between natural and induced earthquakes, | also analyse the spatial and

temporal correlation between injections and seismic events.

Implemented methods tackle the problems of microseismicity location, seismicity

clustering and microseismicity source characterization.



2. CASE STUDY: HENGILL GEOTHERMAL AREA

2.1 TECTONIC SETTING AND GEOPHYSICAL CONSTRAINS

Iceland lies on the divergent boundary between the Eurasian and North American plates,
and above a mantle plume, i.e. a hot spot under Iceland (Einarsson 1991; Wolfe et al.,
1997).

Figure 2.1 - Map of Iceland with the main tectonic zone. Red square indicates the Hengill
study area.

The plate boundary in Iceland is composed of overlapping volcanic rift zones and
transform zones, with active faulting and volcanism extending from southwest to the
north. Plate spreading is mainly accommodated by extension across the volcanic zones
and horizontal shear in the transform areas. The mid-ocean ridge bordering Iceland is
represented by two submarine segments, the Reykjanes Ridge in the south and
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Kolbeinsey Ridge in the north. Two major discontinuities connect these ridges and the
Icelandic rift axes: the Tjorrnes Fracture Zone (TFZ), and the South Iceland Seismic Zone
(SISZ). The TFZ is a right lateral transform zone in northern Iceland and connects the
North Iceland Volcanic Zone (NVZ) and the southern end of the Kolbeinsey Ridge. The
SISZ is a left lateral transform zone in southern Iceland, transferring part of crustal
spreading from Western volcanic zone (WVZ) to the eastern volcanic zone (EVZ)
(Einarsson, 1991, 2008). (Fig. 2.1)

The Hengill volcanic system is located in SW Iceland, at the triple junction between the
Western Volcanic Zone (WVZ), the Reykjanes Peninsula (RP), which is the landward
extension of the Reykjanes spreading ridge, and the South Iceland Seismic Zone (SISZ),

i.e. the left-lateral transform zone (Saemundsson, 1979) (Fig. 2.2).

= Fessure swarm
- Hengill central volcano

Figure 2.2 - Map of Hengill geothermal area with the main tectonic zone. Black circle
indicates the Hengill central volcano and brown zones mark the fissure swarms located
in the area.

The dominant tectonic trend of the area is extensional, with the distribution of major faults
and eruptive fissures oriented NNE (Fig. 2.2), parallel to the accretionary zones (Toomey
and Foulger 1989). South of 64°N, is marked by the SISZ, the transform zone oriented E-
W with the high seismic activity; however, the largest and historical earthquakes in this
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area are associated with faulting N-S striking planes, perpendicular to the general trend
(Bergerat and Angelier, 2000; Eirnasson 2008).

The Hengill complex is primarily composed by three main volcanic systems, which are
from SE to NW with decreasing age (0.3-0.5 My), Greaendalur, Hrémundartindur
(Olkelduhals) in decline, and Hengill, with the present-day volcanic activity (Arnason et
al., 2010).

The geothermal activity of area is fueled by three distinct heat sources associated with
the three volcanic systems (Foulger and Toomey 1989). Tomographic studies (Foulger
and Toomey 1989; Foulger et al., 1995; Jousset et al 2011) imaged three high velocity
bodies which correlate well with the extinct surface eruptive sites. These three high
velocity bodies have been interpreted as intrusion, representing solidified shallow crustal
magma reservoirs or conduits to the surface. Foulger et al (1995) also found low Vp/Vs
ratios in the near surface correlated with surface geothermal activity manifestations. A
small low velocity zone underlying the presently active Hengill central volcano has been
interpreted as partial melt (Tryggvason et al., 2002). Jousset et al. (2011) discovered a
low resistivity/high VP /VS ratio area at 2.5—4 km depths interpreting this body as the heat
source of geothermal activity, because it may contain supercritical fluids.

Geochemical and hydrological studies detected the maximum temperatures of three
separated reservoirs: the hottest reservoir underlies the Hengill volcano (> 310°C), a
second one (300-310°C) was detected beneath the transverse tectonic structure within
the Hromundartindur system, a third one, the coolest (270-280°C), was associated with
the Grensdalur voclanic system (Foulger and Toomey 1989). On the contrary, the south
Iceland Seismic Zone (S1SZ), which represents the transform branch of the triple junction,
lies to the south of the volcanic complex and contains low-temperature geothermal

resources (< 150°C in the upper 1000 m) (Rognavaldsson et al 1998).

2.2 GEOTHERMAL FIELD AT HENGILL VOLCANO COMPLEX

The Hengill volcanoes were found in the late 1960s to have high potential for geothermal
energy production (Gunnarsson et al.,1992). The natural geothermal activity is expressed
by numerous hot springs and fumaroles spread throughout the area around the volcanic
complex (Saemundsson, 1995; Arnorsson et al., 2008).

12



Because of its geothermal activity, the Hengill geothermal system started to be exploited
for electrical power and heat production. Today, the two largest operating geothermal
power plants, respectively at NE and SW of Hengill area, are the Nesjavellir and the
Hellisheidi geothermal fields, where electricity and hot water are extracted (Arnason et
al., 2010). Furthermore, exploration drilling has been launched at Bitra and Hverahlid to

the east and south of Hengill central volcano respectively (Hardarson et al., 2010).

Exploration drilling of the Hengill system started at Nesjavellir in 1965 with a series of
geologic, geochemical and geophysical surveys of the Hengill area. Hot water production
started in 1990 and electricity generation in 1998 (Arnason et al., 2010; Gunnarsson et
al., 2013 b). The main drilling in the Hellisheidi field started in 2001, but prior to that some
exploration wells had been drilled since 1985 (Franzon et al., 2010) first for electricity and
then also for heat generation.

2.3 SEISMICITY

Due to its complex tectonic setting, the Hengill area is highly seismically active, with
several thousand earthquakes located yearly.

According to previous studies (Julian et al., 1997; Miller et al., 1998; Foulger 1988 a,b,
1989; Foulger & Toomey 1989), 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. For instance, the two Mw 6.5 earthquakes occurred in June 2000
(Arnadéttir et al., 2001), and two Mw 6 earthquakes in May 2008 (Hreinsdéttir et al.,
2009). These earthquakes occurred predominately on N-S orientation faults and are
associated to the SISZ tectonic activity (Stefansson and Halldorsson, 1988; Einarsson,
1991; Decriem at al., 2010).

The second activity is represented by a background of small-magnitude earthquakes (M
< 2) occurring on a day to day. An example is the 1994-1995 swarm activity, where several
thousand of seismic events with M. >= 0.5 were recorded and attributed to magma
injection (Sigmundsson et al.,1997; Jakobsdottir 2008). Some focal mechanisms
available of this background seismicity show significative non double couple component
(non - DC) which is related to fluid circulation in the crust (Miller et al., 1998, Foulger 1988
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a, b). The other focal mechanisms are consistent with normal and strike-slip faults related
to plate movements in the area. This persistent small-earthquake activity seems due
either to a tensile crack formation, resulting from thermal contraction and cracking in the
heat source, or to a combination of shear and tensile faulting (Foulger 1988b, 1989; Miller
et al 1998; Foulger and Long 1984), or to magma injection under volcanic system
(Sigmundsson et al., 1997). Therefore, the continuous micro-earthquake activity may be

correlated with the geothermal and volcanic activity of Hengill region.

In recent years, with the increase in power production, seismic activity in association with
drilling and fluid injection at Hellisheidi and Nesjavellir has been observed (Vogfjord and
Hjaltadéttir 2007; Agustsson et al. 2015). The Hasmdli area, an Hellisheidi drilling site,
first showed signs of induced seismicity with magnitudes up to M 2 during the drilling of
some production wells in 2002 and again in 2009 (Bjornsson 2004; Bessason et al.,
2012). In the late 2011, after the injection started, an increase of seismic activity was
observed in Husmuli area, and on 15 October 2011 two largest earthquake of magnitude
4.0 occurred in relation to rapid changes in the injection.

14



3. DATASET AND SEISMIC NETWORK

A proper seismic monitoring infrastructure is a fundamental tool to analyse and
understand physical processes governing induced seismicity as well as natural
earthquakes. It allows to detect weak events with low signal-to-noise ratio (SNR), to
obtain accurate locations, magnitudes estimation and source parameters, providing
information about the related seismogenic structures. Microseismic monitoring of
industrial activities has also the important role in assessing the hazard and mitigating the
risks associated with induced seismicity by using dedicated tools such as the traffic light
systems (Bommer et al. 2015, Broccardo et al. 2020).

In this study, | use a very dense seismic network composed by three seismic network
located in Hengill area (Fig. 3.1): the regional seismic network (the SIL network), which
has been in operation since 1991 (Stefansson et al., 1993; Bodvarsson et al., 1996,
1999), permanent seismic stations installed in October 2016 by GeoSurvey (ISOR), and
a local seismic network deployed since September 2018 with the support of
GEOTHERMICA project COSEISMIQ (COntrol SEISmicity and Manage Induced
earthQuakes). This project aims to monitor and control induced events and to get insight
into the physics of induced seismicity. The Hengill region has been chosen as
demonstration site because of its ideal conditions: there are many existing and
commercially successful geothermal projects and induced seismicity is common, but it is
much less of a risk governance challenge due to low population density and limited
building fragility.

This local seismic network consists of 40 stations with permanent and temporary short (5
and 1 s) - and broad-band (120 and 60 s) sensors distributed within an area of about
35x35 km?. Data sampling rate is 100 Hz.

The dataset used here consists of 636 events with 0.8 < M. < 4.7 recorded at Hengill area
between 22 December 2018 and 31 January 2019 (Fig. 3.2). These data include a
seismic sequence occurred at the end of December, with the M. 4.7 mainshock that took
place on 30 December 2018. Preliminary location show that the seismic sequence
occurred in the southern part of Hengill geothermal site (south of 64°N), close to the

transform zone.
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Figure 3.1 - Map of study area with three sub-seismic networks from SIL (light blue), ISOR
(blue) and COSEISMIQ (green) and Nesjavellir and Hellisheidi geothermal plants (white
square).
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Figure 3.2 - Magnitude plot of the dataset recorded between 2018 December 22 and 2019
January 31.
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Except for the ML 4.7 mainshock, the rest of the dataset is characterized by low-
magnitude earthquakes (M < 2), with high frequency (f > 1 Hz) content and noise
contaminated signals. Seismic noise (frequency range of 0.2 - 0.4 Hz) strongly affects
events with ML ~ 1 and has more effect on the broad-band seismic stations which are

sensitive to a broad range of frequencies (Fig. 3.3).
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Figure 3.3 - 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

Because of the high magnitude of the mainshock and its vicinity to the local network,
mainshock seismic waveforms are clipped. For this reason, the earthquake source
inversion for mainshock has been performed using regional seismic network (Fig. 3.4),
with selected stations within a radius of 1000 km from the epicentre.
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Figure 3.4 - Local (green) and regional (red) seismic networks).
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4. SEISMIC EVENT LOCATION

4.1 METHOD

The problem of earthquake location consists in determining the hypocenter (latitude,
longitude, depth) and origin time (start time of the rupture) of a seismic source. Essentially,
the earthquake location is an inverse problem determined by the misfit between observed
and predicted arrival times of seismic phases at stations for different source locations by
using a given velocity model, which is usually assumed to be a representation of the true
velocity structure. Considering a set of potential source locations within a volume, the
hypocentral coordinates of the seismic event to be located corresponds with the one
showing the smallest misfit between observed and predicted arrival times.

More formally, let suppose that an earthquake occurred at time t, and at position
X (x9,Y0,20), and that the velocity model is known, the inverse problem can be written as

follows:
d=G(m)

where d are our observed data (i.e. the arrival times at stations), m is the model
parameters vector (i.e. space coordinates and origin time), and G is the operator that
gives the predicted arrival time at each station from every value of m. Thus, the inverse
problem can be posed as: given the observed arrival times, find a model that minimizes
the difference between observed and calculated arrival times.

Different earthquake location techniques have been developed, and among the earliest
ones | may cite graphical methods (Milne 1986), simple grid searches (Reid 1910), and
the linearized inversion method (Geiger 1912) with the advent of digital computers.
Earthquake location methods can be classified in different groups based on 1) spatio-
temporal coordinate system, i.e. absolute and relative earthquake locations (e.g.
Deichmann and Garcia-Fernandez 1992; Waldhauser and Ellsworth 2000); 2) number of
events to be located, i.e. single or multiple event locations (e.g. Douglas 1967; Myers et
al. 2007); and 3) the technique employed to solve the inverse problem, that can be a
linearized iterative solver (e.g. Geiger 1912; Lee and Lahr 1975; Lahr 1989) or a pure

non-linear approach (e.g. Tarantola and Valette 1982; Sambridge and Kennett, 1986;

19



Lomax et al. 2000, 2001; Sambridge and Mosegaard 2002). The selection of the
methodology depends on different factors, such as the scale of application, the quality of

data and the availability of detailed velocity models.

Usually, for earthquake location, the velocity structure is taken as known and fixed
although it is never exactly known, creating trade-offs between seismic velocity models

and earthquake parameters.

Data used to constrain earthquake locations are usually derived from seismograms
recorded at seismic stations distributed around the earthquake source area. Most
commonly the data set are phase arrival times (mainly the P and S onsets) and associated
uncertainties picked manually or automatically from seismograms. In the last two decades
a large number of picking algorithms have been developed; while P onsets can be
accurately picked, the automatic picking of later seismic phases (including S onsets) is
still problematic. For instance, at local and near-regional distance, the identification of S
phases might be difficult, where the P coda can overlap the S wave. Furthermore, P and
S picking performance is limited in the presence of noisy data, for instance in case of
microseismic data characterized by a low SNR.

Alternative techniques for automated seismic event location do not require phase picking
nor phase identification and directly exploit the full waveform information contained in
recorded seismograms (McMechan, 1982; Gajewski and Tessmer, 2005; Ekstrom, 2006;
Kao & Shan, 2004, 2007; Baker et al., 2005; Drew et al., 2005; Gharti et al. 2010; Liao et
al., 2012; Grigoli et al.,, 2013, 2014). Among these methods, the source scanning
algorithm (SSA; Kao & Shan, 2004, 2007) is one of the most popular. Basically, the SSA
is a systematic grid-search method that performs the source location using a brightness
function, which is obtained by stacking the absolute amplitudes of normalized
seismograms recorded at different stations along the predicted traveltimes of a given
seismic phase from each assumed source location. Several modified versions of SSA
algorithm have been proposed with different stacking functions; for instance, at a
microseismic scale, Gharti et al. (2010) and Zeng et al. (2014) applied a waveform

envelope-stacking approach using both P and S phases.

For this application, the location of seismicity in the Hengill area has been obtained by
using the LOKI algorithm (Location of seismic events through traveltime staking, Grigoli
et al. 2013), a modified version of Source Scanning Algorithm (SSA; Kao & Shan, 2004)

method and specifically designed for microseismic monitoring.
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To explain how LOKI works, let us suppose that a seismic event occurs at the location
indicated by the yellow star in figure 4.1 (a1) and recorded by a linear array of n receivers
deployed at the surface. To locate an event, LOKI uses non-negative processed

waveforms (that | call stacking functions) based on the Short Time Average to Long Time
Average ratio (STA/LTA) traces of all available stations.
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Figure 4.1 - LOKI location process: a) seismic event recorded by n receivers deployed on
surface (a1), raw (a2) and processed STA/LTA traces for P and S waves (a3). b) waveform
staking process for different source location and time steps (b1, b2, b3). c) Coherence
matrix computed for each source location each potential source location (c1, c2, ¢c3) whose
maximum corresponds with the hypocenter and origin time (t0) of the seismic event (c2).
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Thus, the algorithm first compute two characteristic functions, a first one sensitive to the
P-phase onset and a second one sensitive to S-phase arrival. The P characteristic
function is defined as energy of vertical component of seismic trace, whereas the S
characteristic function is maximum eigenvalue of the instantaneous covariance matrix of
the horizontal components traces (Fig. 4.1 a3). Then, STA/LTA traces, i.e. the ratio of
short- to long-term energy, of P and S phases are computed separately.

Once the stacking-function is obtained, to locate an event we need to define a 3D
cartesian grid space containing the seismogenic zone, where each grid point represents
a potential source location (x, y, z) (Fig. 4.1 b1). For each potential source location (x, y,
z), the theoretical arrival times for the first P[t7(x,y,2)] and S[t{(x,y,z)] onset at all n

stations (i is the station index) are computed. Then t,,;, and t,,,, are defined as:

Tnin (¥, 2) = min {[17 (x, ¥, 2)] 121} (1)

Tmax (%, y,2) = max {[z{ (x, ¥, D)]{=1} } (2)

Which define for each potential source location the minimum P- and maximum S- arrival
time in the network. Then, the computed arrival times at station j for P and S first onset

TiP S(x,y,z) relative to t,,;, and shifted by a delay t are computed:

TiP’S(x;y; Z) = -[f’s(x,y,z) —Tmin Tt = Tip’s(nylZ) + (3)

to is the origin time of the event, which is equal to t — 7,,,;,(x, ¥, 2).
| then evaluate the coherence functions C* and C° at each source location (x, y, z) and

origin time t (Fig. 4.1 c1, c2, c3), by using the following equation:

CP(x,y,2,t) = Ly W[t + ATF (x,y, 2)] “4)

C3(x,y,2,t) = LiL, W[t + AT (x, y, 2)] )

where WP and WS are respectively the STA/LTA of P and S characteristic functions
related to the i-th station. Waveform normalization is generally required to remove the

attenuation effect due to the geometrical spreading: in this way we avoid that stations
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close to the source dominate the stacking. The coherence function of the two seismic
phases is finally defined as:

P S
C(X, v, Z, t) — \/C (x,y,2,t)C>(x,y,z,t) (6)

n

where C? and C* are the coherence functions for P and S waves and n is the number of
stations. This function is bounded between 0 (no coherence) and 1 (perfect coherence
for both P and S phases). Therefore, coherence value provides a direct estimation of
earthquake location.

This process is iterated performing a grid-search for different time step and source
location (Fig. 4.1 ¢1, c2, c3). At the correct location and time step (Fig. 4.1 b2), the
waveforms stacking process gives an absolute maximum in terms of coherence,

max{C(x,y,z,t)}, corresponding to the earthquake coordinates (Fig. 4.1 c2).

The uncertainties of solutions are estimated by a) repeating the location procedure after
perturbating the STA/LTA parameters (i.e. the length of both long- and short- time
windows, b) repeating location process after removing, each time, all traces related to
different station (jackknife method). Thus, by repeating this procedure k times, we obtain
k estimation for each model parameter (i.e. hypocenter location). Then, from the location
distribution, weighted mean and standard deviation are computed. The largest value of
the coherence function related to h.th iteration is used as weighting factor:

qn = Cn(Xn, Yn» Zn, ton) (7)

WhereCy,, qn, (xn, Yn, Zn, ton) are respectively the coherence function, the weighting factor
and the hypocenter estimation related to h-th solution.
After the k-th iteration the normalized weighing factor is composed as:

Qn =55 " (8)

Zlfn=1 dm

The weighted average of all k solution is the best estimation of hypocentral coordinates:
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X = Ym=1QmXim Withi=1,2,3 9)

Where R, = Zm, Zom = Im>Xam = Zm and X4, = to,. Uncertainties information can be

directly extracted from the covariance matrix R defined as:

_ 2$n= Qm k - -
R;j = (anlem)zl_ vE_ oz X Ym=10m (Xim — X)) (Xjm — X;) (10)

with i = (1,2,3,4) and j = (1,2,3,4).

4.2 APPLICATION TO THE HENGILL DATASET

Since the dataset is composed by local low-magnitude event recorded by both broadband
and short period station and characterized by high frequency content and noisy signal a
high-pass filter is used (see section 3). Thus, to increase the SNR, | applied a bandpass
filter from 2 to 15 Hz to the entire dataset (Fig. 4.2).

a Waveforms Amplitude spectra
JCURDIOEHE™. e R
2C URD20 EHN N e ]
EAN___ T = i — URD20
2CURD20EHZ ___— N e HUMLI

ON HUMLI EHE -~ e

ON HUMLI HHN ™"

: 7 =K INNST
J g L

10¢

\Mm Ww W 'M*

A e . - ) m‘;
ON INNST HHZ il . s s monan :

o
ON HUMLI HAZ s

ONINNSTHHN ™

T
20:05:50 20:05:52 101 100

2C URD20 EHE -~

2C URD20 EHN-~———~
2C URD20 EHZ oo
ON HUMLL EHE - nmmpeemernnemmononnsf

ON HUMLI HHN- s oo oncsmesaf |

Siariae 'M N"W’”

) 3

ON HUMLI HHZ
ON INNST HHE //\
o fu

il

P w\'\ A

Gl o
ON INNST HHN/J| /e

ON INNSTHHZ

T
T T T T T T 10 100 10!
20:05:50 20:05:52 20:05:54 20:05:56 20:05:58 20:06:00 20:06:02

Jan 25, 2019 Frequency [Hz]

Figure 4.2 - Examples of unfiltered (a) and filtered (b) Waveforms and amplitude spectra of
an event occurred on January 25 with M. = 1.0 recorded at three different stations.
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Before analysing the whole dataset, | first tested three different velocity models available
for the Hengill area (Fig. 4.3): two local velocity models from Icelandic Meteorological
Office (IMO) (Kristin Vogfjord and Sigurlaug Hjaltadottir, 2007), and a third one extracted
from Tryggvason et al. (2002). Thus, | computed earthquake locations comparing 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 velocity analysis performed in seismic reflection applications, 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 free from phase picking) allows to automatize
this step and provide robust comparison of the quality of different velocity models.

-0.2 Ty l
. -i;- ’ — IMO 1
I . — IMO 2
1.0 A l'TI"": —— Tryggvason et al. 2002
IS
I_J_|.I
2.2 - B
| ]
._'\._i:| ==
I
— . Ly
= 3.4 L‘-: |_
X i
£ a6 s
) 1
© 1k
5.5 T
1
|
7.0 - H
1
1\
L.
i
8:2 I
i
T T T T T T T

1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0 6.6 7.2
P and S velocities [km/s]

Figure 4.3 - Three different 1-D velocity models for P (solid lines) and S (dashed lines)
waves.

To compute P and S travel-times for each velocity model, | used the Eikonal finite
difference scheme of Podvin and Lecomte (1991) implemented within NonLinLoc (Lomax
et al. 2000).
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Taking into account the size of seismogenic zone, | defined a 3D cartesian grid space set
to 136x126x50 km?3 with 0.4 km grid spacing. For each possible trial source location, the
theoretical arrival times for P and S onset at all 40 stations of the recording network are
computed. The STA/LTA traces were computed using a short-time window length in the
range of 0.1 - 0.15 s, the long-time window is twice as long. Uncertainties have been
estimated by random perturbations (5 times) of STA and LTA windows length ranges.

Hence, based on maximum estimated coherence values, providing direct information of
the best estimation of hypocentral location, | choose the best velocity model and then

perform the location of all 636 earthquakes.

4.3 RESULTS

On the basis of the maximum estimated coherence values, | have chosen the best
velocity model; the higher values of coherence belong to locations computed using the

Tryggvason et al. (2002) velocity model (Fig. 4.4).
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The appendix A shows the catalogue of all 636, specifying date, latitude, longitude and
depth (in km). The average of maximum coherence value is of about 0.6.

Figure 4.5 shows and example coherence matrices XY, XZ, and YZ related to the
earthquake occurred on 2018 December 30 with M. = 1.6; coherence values are
represented in color scale, showing a clear absolute maximum.

Uncertainties of solutions, as standard deviation, and the comparison of location results
with those obtained with manual procedure are shown in figure 4.6; ~ 80% of automated

located events are within 1 km from the reference manual location.
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Figure 4.5 - Example of coherence matrix related to M. 1.6 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).
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Figure 4.7 shows the map with located events and two orthogonal 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, 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.
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Figure 4.7 - Map and two orthogonal NS and EW vertical sections of 636 earthquakes
occurred between 2018 December 22 and 2019 January 31. Located seismic events are
color-coded according to depth, the mainshock is marked by the star, arrows in vertical
sections indicate the location of Hellisheidi and Nesjavellir geothermal plants, the
coloured triangles represent the seismic stations of different networks.
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Thus, based on hypocentral distribution, the seismicity can be divided in two main group.
The first group is composed by shallower events (depth < 4.0 km) located in the center
of geothermal area and in the proximity of geothermal fields. The second group is deeper
(depth > 4.0 km), located south of the geothermal site, and close to the transform zone
(SISZ), where the M. 4.7 sequence took place and larger historical earthquakes occurred
(Arnadéttir et al., 2001; Hreinsdéttir et al., 2009).

The cumulative plot (Fig. 4.8) shows the standard deviation of locations of the two depth-
groups: shallow events (in red), mostly located in center of geothermal site, have lower
values of uncertainties than deep events (in green), located at the edge of geothermal
site. Shallow events are better constrained by all network, highlighting that the quality of
solutions also depends on the number of stations used for the STA/LTA stacking process
and on the position of earthquakes with respect to seismic network.
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Figure 4.8 - Cumulative plot shows the standard deviation of the location results for
shallow in-network (in red) and deep outside-network (green) events
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5. CLUSTERING ANALYSIS

5.1 METHOD

Seismic clustering algorithms allow to automatically classify earthquakes, identifying
groups of objects (clusters) with similar seismic attributes.

In recent years, the growing interest in microseismicity monitoring led to deploy dense
local networks for improving earthquake detection. As a consequence, the seismic
catalogues are becoming increasingly large. From this point of view, clustering analysis
can be applied to large dataset to automatically detect earthquakes with similar features,
such as hypocentral locations, origin times, magnitudes, or focal mechanisms.

Several seismic clustering approaches exist and are used to different purposes in
different field, with broad literature of their application. In general, clustering approaches
differ in type of algorithm (e.g. hierarchical clustering, k-means clustering, density based
clustering) and metrics to be used; for instance spatial location (Ouillon & Sornette 2011;
Konstantaraset al.2012; Lippiello et al.2012; Schaefer et al.2017), temporal evolution
(Kagan & Knopoff 1976; Kagan & Jackson 1991), waveform similarity (Maurer and
Deichmann1995; Cattaneo et al.1999; Wehling-Benatelli et al.2013), focal mechanism
similarity (Kagan 1991; Willemann 1993; Moriya et al.2003; Cesca et al., 2014, 2016,
2020a). Alternative approaches combining different earthquake metrics have been also
proposed (Hainzlet al. 2000; Sornette & Werner 2005; Lasocki 2014; Lizurekand Lasocki
2014; Zaliapin et al. 2008).

Here, | performed a spatial (hypocentral) and waveform-based clustering using
SEISCLOUD, a tool for seismicity clustering (Cesca 2020b) based on the DBSCAN
clustering (Density-Based Spatial Clustering of Applications with Noise, Ester et al.,
1996).

DBSCAN identifies clusters as high-density regions, where the items to be clustered (i.e.
earthquakes) are located close together, and marks as outliers those items which lie in
low density regions. The performance of DBSCAN is controlled by two parameters
controlling the density threshold: N,,;, parameter identify the minimum number of
neighboring items, and € parameter defines the maximum acceptable distance. A cluster

is formed if there exist an item / and at least N,,;;, other items j with a distance d;; < ¢

(Fig. 5.1). Item j is defined as core item, while items j represent density-reachable items
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from core item i. If items j have a sufficient number of neighbours (i.e. they lie in a density
region), they are also core items, while if they lie in lower density regions, they are so
called edge items (Fig. 5.1 c). Both core and edge items will be assigned to a cluster. If
an item is neither located in densely populated regions, nor is density-reachable from a
core item, it is defined as isolated item. Isolated items are basically located in low density

regions and represent outliers.
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Figure 5.1 - DBSCAN method: a) definition of N,,,;,, and € parameters and the core point; b)
starting to create a cluster; c) identification of cluster and outliers

The number, size, and heterogeneity of the resolved clusters, as well as the fraction of
unclustered items are controlled by the choice of N,,;;, and € parameters: if the chosen ¢
and N,,;,, are too small most data will not be clustered at all (and labelled as -1 for “noise”),
if they are chosen too large, close clusters might be merged into one cluster, and
eventually the entire data set to be returned as a single cluster. However, the selection of
€ and N,,;, parameters depends on the purpose of our problem, data, and metric to be

used.

SEISCLOUD offers different metrics to estimate the distance among earthquakes (Cesca
2020), based on the similarity of their hypocenters, time, focal mechanisms, or
waveforms. The DBSCAN implementation relies on normalized distance values between
0 (equal items) and 1 (very different items). For some metrics, where the distance is
defined over a finite interval, the normalization is unique. An example is the use of
waveform correlation as a measure of earthquake similarity: a cross-correlation equal to

1.0 (perfectly correlation) and —1.0 (anti-correlation) will map into normalized distances
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of 0.0 and 1.0, respectively. In other cases, where a maximal distance cannot be defined
(for example, when considering the spatial or time difference among two earthquakes),
we will assign the maximum normalized distance 1.0 to all spatial or temporal differences,
which are equal or larger than a given threshold (e.g., default thresholds are 1000 km for
spatial distances and 365 days for the temporal distance).

5.2 SPATIAL AND WAVEFORM CLUSTERING AT HENGILL AREA

| performed the spatial clustering considering the hypocentral coordinates (latitude,
longitude, and depth) as metric. Since | am dealing with local microseismicity in a small
study area (latitude range 63.9 - 64.1 and longitude range -21.00 - 21.6, depth range=0 -
11 km), the hypocentral distance among earthquakes is small and some clusters are
visible even without clustering analysis. Thus, to define a cluster, | set a minimum of 10

neighbouring earthquakes within 1 km distance (N,,;;,= 10, € = 1 km).

Once spatial clusters are identified, | performed a waveform-based clustering to assess
the waveform similarity among events belonging to the same cluster (i.e. events with
similar location). Given that similar waveforms denote earthquakes with similar location
and focal mechanism, and that the spatial clustering already identified earthquakes with
neighbouring hypocenters, this analysis aims to identify potential families of
microearthquakes with different mechanism at a similar location, which may reflect the
activation of different faults or fault segments.

| computed the waveform cross correlation, as a measure of earthquakes similarity, using
only P and S body waves, because of the seismic noise and the high frequency content
of the seismic signal. Therefore, for each cluster | first selected stations with good signal
to noise ratio, covering as much homogeneously as possible the cluster area. Note that
different stations have been used for different spatial clusters. Then, | picked P and S
phases on the vertical and horizontal components of recorded seismograms, respectively.
For each station-cluster pair, | computed two cross correlation matrices, for P and S
waves separately. The P-cross correlation matrix has been computed by taking the
maximum of cross correlation traces of P waves recorded on vertical component. To get

the S-cross correlation matrix, first | added up the cross-correlation traces computed for
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the East (ccz) and North (ccy) components, obtaining the total cross correlation trace of

horizontal component (cc;,;), and normalized it:

CCE+CCN (11)

Norm =
E(rip)2xE(tr2p)2)+ (/T (triy)2xE(tr2y)?)

where tr1 and tr2 are the waveforms of two different events recorded on E and N

components of one selected station.

To normalize distance values between 0 (perfect correlation) and 1 (anti-correlation), |

computed the P and S distance matrices (S,,,) as following:

Sm=1-(05X%(cc,, + 1)) (12)

The two distance matrices are used as inputs to perform the waveform clustering with
SEISCLOUD. | set the ¢ parameter from 0.05 (cross-correlation 0.9) to 0.1 (cross-
correlation 0.8) for each cluster, according to the quality of SNR. The minimum number
of samples to create a cluster (N,,;,) is based on the number of events recorded by

selected stations of the cluster (Table 5.1).

5.3 RESULTS

The spatial clustering identifies eight clusters (see Table 5.1 and Fig. 5.2), highlighting
that shallower clusters are located in the central part of the study region, in the vicinity of
one geothermal plant. Conversely, deeper clusters are mostly located at the edge of
geothermal site. In particular, the largest and deepest cluster (red dots in Fig. 5.2), where
the major seismic sequence occurred, is further south respect to other clusters, and its

depth-trend shows an E-dipping (see vertical section in Fig. 5.2).

The parameters set for the spatial clustering mark well the outliers (black dots in Fig. 5.2)
as those events located in a low-density region (see 5.1 section), quite distant respect to
the eight clusters.
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Table 5.1 - Results and parameters of spatial and waveform clustering

Spatial clustering

Waveform clustering

Spatial Depth Max tot n° . n° events of . n° waveform
X | ion . Nmin X
cluster mean magnitude events selected stations selected station family
MEIO5, NUP27,
1 6.30 4.58 124 KAPO1 82 0.05 8 1
GANO2, INNST,
2 3.03 2.2 80 NUP27 80 0.05 8 1
EDA, GANO2, INNST, Ao,
3 1.93 1.87 69 GRH43, URD20 61; 62; 69 0.1 6-7 1-2
GRH43, MEI05,
4 2.35 1.3 28 NUP27. THUO4 22-27 0.1 3 1
BLK22, LSKAR,
5 2.28 14 27 MEIO5, URD20 27 0.1 3 1
EDA, GAN02, GRAFN, .
6 5.31 0.99 25 OLF42 22;25 0.1 3 1-2
7 5.7 1.62 19 KRIST, SAN 18; 19 0.05 2 1
EDA, GRAFN, INNST,
8 3.68 1.3 14 VAL41 14 0.1 2 1-2
-21°30" -21°00
A Seismic Network
O Geothermal fields
% Mainshock
* Outliers
1 cluster
2 cluster
3 cluster ||
4 cluster |}
5 cluster
6 cluster
7 cluster
8 cluster
Hellisheidi Nesjavellir Nesjavellir
Hellisheidi
latitufe lohgitude
63.860 63.928 63.996 64.064 64.132 64.200 —21.700 -21.572 -21.444 -21.316 -21.188 —21.060
0 " h \ . 0 . s N N
=2 ST _7]
§ 4 | I ! ."_ '.' ! .‘?‘ g 4
£ s iy . £ .
5. kel i il Sel &
- (3%
8 4 -t 8 +——+——F—F—F—F—F——F—

Figure 5.2 - Map and two orthogonal NS and EW vertical sections of computed spatial
clustering. Clusters are marked with eight different colours whereas the outliers with
black. The mainshock is represented by the white star.
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Most of waveform clustering results confirmed the presence of a single family of events,
with similar waveforms (see last two columns of Table 5.1). A nice example is the cluster
1 result (Fig. 5.3), where the hypocentral similarity matrices for P and S phases clearly

show one waveform family recorded by station MEIO5.

.GRH43.(
GRH43.00™ AlA2. AHVHo0

P

‘NUPZ?.

Hypocentral similarty matrices
ATHUM.
63.975° Y ) _ _ Sorted after clustering
° K b -
L [ ) i ]
°
®

‘KAPN .

‘BJA.DO

Event number
Event number

63.925°

® Waveform family
e Outliers

.GRHa3.0f™ o AHVH0O0 S

‘NUP27.

e
63.975" . .
®
® ()
[ ]
L)

‘KAPM B

Event number
Event number

‘BJA.OO

63.925°

-21.45 214" 2135 213 -21.25"

Figure 5.3 - Example of waveform clustering results for P and S waves with maps (left side)
and hypocentral similarity matrices (right side) of cluster 1 for MEIO5 station.

Even cluster 7 show one clear waveform family, as well as waveforms for clusters 2,4,5,

despite their noisier signals.

For the remaining clusters (clusters 3, 6 and 8), results are less clear, as waveforms at
some stations, show highly similar waveforms, but waveform at other stations show larger

differences and hypothesize the presence of at least two families in each of these
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clusters. An example is the cluster 3 (Fig. 5.4), where the hypocentral similarity matrices
for P waves shows two waveform families. This result, however, could also be related to

a particular cluster-station geometry and the source radiation pattern.

641
* 1 Waveform family P
e Qutliers
2 waveform family
EDA.00
AVAL#1.00 A
s Hypocentral similarty matrices
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THJO7.
o K
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L] LSKAR.0 5
€
2
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AGRH3.00 AR
ALAK2a. AV
ALAMoS.
~
64 S
Sorted after clustering
60 H
EDA.00 ' ! 1
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64075 0 E: !
ANNST.00 % c 8
° ‘TH.IW. : 30 I | s
SVIN.00 OO “ ) rl -
A &0 .. o ekl TH
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Figure 5.4 - Example of waveform clustering results for P and S waves with maps (left side)
and hypocentral similarity matrices (right side) of cluster 3 for GAN02 station
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6. MASTER EVENTS IDENTIFICATION AND RELATIVE MAGNITUDE

ESTIMATION

Most of the dataset consists of small magnitude events with high frequency content and

noisy recorded signal. Thus, to perform the earthquake source inversion, for each spatial

cluster | identified several master events, i.e. well-located events with small location

uncertainties, high coherence value and good quality of recorded seismic signal.

Table 6.1 show the master events selected. For clusters 6 and 7 | did not select any

master events because of the high noise content recorded. For cluster 1, 2, 3 and 4 |

identified more than one master events, whereas for cluster 5 and 8 only one.

Table 6.1 - list of selected master events plus the mainshock

Spatial Clusters Master events Latitude Longitude depth (km)
30/12/2018 05:02 63.95969 -21.33911 5.1
30/12/2018 05:04 63.95969 -21.33911 55
30/12/2018 07:49 63.95970 -21.33637 52
1 30/12/2018 09:00 63.95834 -21.32817 7.0
30/12/2018 12:43 63.95892 -21.33635 52
01/01/2019 05:56 63.95969 -21.33911 5.4
04/01/2019 00:49 63.96733 -21.33848 6.7
23/01/2019 19:36 63.94889 -21.35145 5.9
22/12/2018 17:51 64.06689 -21.26794 35
2 23/01/2019 18:58 64.05317 -21.26650 3.2
26/01/2019 04:07 64.05819 -21.27650 3.2
29/01/2019 02:29 64.06087 -21.28626 27
23/12/2018 18:52 64.04485 -21.40567 22
3 14/01/2019 15:27 64.05285 -21.40578 2.4
29/01/2019 19:16 64.05644 -21.40584 1.9
4 25/01/2019 05:56 64.00687 -21.37240 2.4
25/01/2019 07:37 64.00267 -21.38052 22
5 30/01/2019 14:33 64.02287 -21.41353 22
8 29/01/2019 16:26 64.09663 -21.36539 3.2
mainshock latitude longitude depth (km)
30/12/2018 02:56 63.97262 -21.32624 7.0
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For each spatial cluster | selected the best quality master event, that is used to compute
the relative magnitude of each cluster and the earthquake source inversion.

The relative magnitude of each cluster has been computed comparing the maximum
horizontal amplitude of each events with the maximum amplitudes of selected master

event, taken as reference (Grigoli et al., 2018):

Mi = Mref + log(Ai/Aref) (13)

where Aij is the observed maximum horizontal amplitude of an event, Mref and Aref are
the magnitude and maximum horizontal amplitudes of reference event. For magnitude
computation, | used from three to four stations per cluster such that epicentral distance is
larger than the distance among events. | then used the average as the best estimation
and the standard deviation for uncertainty.

For clusters 6 and 7 | selected two events with good quality of seismic signal recorded at
least by four stations.

Results are summarized in figure 6.1 which shows a map with events of the eight clusters
whose size is based on the computed relative magnitude (Mi). The computation shows
that 85% of events has Mi < 1 and 30% of events has a Mi < 0. Computed relative

magnitudes of each event in each cluster are provided in appendix B.
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Figure 6.1 - Map of computed relative magnitude of eight clusters and time-magnitude plot.
The dimensions of circles are sorted by the computed relative magnitude of each cluster
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7. EARTHQUAKE SOURCE INVERSION

7.1 METHOD

Microseismic sources are typically modelled using a point source approximation. The
more general and widely used is by means of a moment tensor (Gilbert, 1970), which is
a general model which can be used to describe different types of seismic sources,

including volumetric changes, shear and tensile failures.

The seismic moment tensor is a second-rank tensor, which describes a superposition of
nine elementary force systems, with each component of the tensor giving the strength
(moment) of one force system. The diagonal components M, M2, and Mss correspond
to linear dipoles that exert no torque, and the off-diagonal elements M1z, M1s, M21, Mzs,
Ms1, and Ms2 correspond to force couples. It is usually assumed that the moment tensor
is symmetric (M12=M21, M1s=Ms31, M23s = M32), SO that the force couples exert no net torque,
in which case only six moment tensor components are independent.

The moment tensor can be decomposed into an isotropic term (ISO), which is associated
with the volumetric change, and a deviatoric one. Jost and Hermann (1989) illustrated
further possible decompositions of the deviatoric component; the most used is by means
of a double-couple (DC) and a compensated linear vector dipole (CLVD) terms. The CLVD
is a dipole that is corrected for the effect of volume change, describing seismic sources
which have no volume change, net force, or net moment. The pure DC component is
associated with the pure shear motion from two orthogonal vector pairs of equal
magnitude but opposite sign. Significant deviations from the DC model have been found
for nuclear explosions, mining collapses, and earthquakes in geothermal and volcanic
environments (Foulger et al., 2004; Dreger, et al., 2008; Ford et al., 2009). In these cases,
the seismic source displays a moment tensor with significant non-double-couple (non-
DC) components, i.e. the sum of ISO and CLVD components, indicating different source
processes such as tensile faulting, opening/closing-cracks, rupture of non-planar fault
surfaces, cavity collapses, or source complexities. However, the non-DC component can
also be an artifact of noisy data or due to instrument malfunction, or distortion due to the
effect of the propagation path.
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Thus, the seismic moment tensor representation is a formula to explain the theoretical

relation between ground motions at the stations and seismic source.

Moment tensor inversion is an inverse problem requiring observed data, e.g. full
seismograms or at least P and S phases, and the calculation or availability of accurate
synthetic seismograms of the Earth (i.e. Green’s functions, denoted by G).

Following Jost and Herrmann (1989), the displacement d on the Earth’s surface at a
station can be expressed, in case of a point source, as a linear combination of time-

dependent moment tensor elements M;;(¢,t) that are assumed to have the same
dependence convolved (indicated by the star symbol) with the derivative G ;(x,¢,t) of

the Green’s functions with regard to the spatial j-coordinate:

Us (x, t) = Mkj (E' t)*Gsk,j (xr E' t)

where ug are the ground displacement components (i.e. seismograms at n station) M is
the moment tensor of the seismic point source at location § and at time t, and Gg ;
represents Green'’s functions which describes all wave propagation effects including the
elastostatic response of the Earth due to an impulsive and unidirectional force at source
point ¢, and measured at point x.

Several methods have been developed for moment tensor inversion, fitting different
observations, including first motion polarities (e.g., Nakamura 2000; Reasenberg &
Oppenheimer, 1985), waves amplitudes (e.g. Vavrycuk et al., 2008; Kwiatek et al., 2016;
Syleny et al., 2009), P and S waves amplitude ratios (e.g. Miller et al., 1998; Hardebeck
and Shearer, 2003; Jechumtélova and Sileny, 2005), full waveforms in time (Dreger and
Woods, 2002; Sokos and Zahradnik, 2008; Zahradnik et al., 2008; Adamova et al., 2009)
and frequency (Cesca et al., 2006; Zhao et al., 2014) domain or using combined time-
frequency approaches (Vavrycuk and Kuhn, 2012; Cesca et al., 2010, 1012; Zhao et al.,
2014). The resolution of polarity- and amplitude-based methods are strongly affected by
the geometry of the monitoring network and typically limited to the inversion of pure DC
focal mechanisms. Furthermore, all these methods rely on previous epicentral and depth
estimations and seismic rays tracing, which uncertainties can strongly bias the resulting

focal mechanism.

Significant improvements have been obtained by moment tensor inversion methods

based on full waveforms, which offer a common inversion framework, where both the
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source location, centroid depth and moment tensor can be investigated. However, also
full waveform-based inversion remains challenging for microseismic applications because
they require the modelling of high-frequency waveforms and thus need a more detailed
knowledge of the velocity structure.

Here, the inversion has been performed using GROND, a probabilistic earthquake source

optimization framework based on bootstrap-based method (Heimann et al., 2018).

The core of optimization is the evaluation of misfit value (or objective function) between

observed and synthetic data |d,,s — dsynenl-

GROND supports different input data (waveform and geodetic data) and their combination
allows to use simultaneously different target, such as full seismic waveforms, amplitude

spectra and body and surface waves.

Observed and synthetic data are processed in the same way before the misfit calculation.
The misfit value is computed for each target based on the configurable L, norm, and then
it is normalized. Furthermore, different kind of weights can be applied as factors to the
misfit. An example of weighting is the balancing of waveform targets with respect to the
expected earthquake signal amplitude; the weight increases with source-receiver
distance to balance amplitude inferred by geometrical spreading. This balancing weight
tend to enhance small signals and supress large signals in the misfit function.

The global misfit for a proposed source model results from contributions of multiple
weighted target misfit. The source model that results in the smallest values of

the objective function is the global minimum of the misfit function optimum model.

The optimization is performed by using the bootstrap method, based on iterative approach
and a direct random search, where random model parameters are drawn from a defined
model space. Those models are then calculated and compared with the target’s observed
data finding the absolute minimum of misfit function. The sketch in figure 7.1 show how
this iterative and direct random source approach works; let us suppose we want to find
the absolute minimum of the misfit function for the strike source parameter (Fig. 7.1 a), at
the step 1 (i.e. the number of iteration) the algorithm random select different strike
parameters finding several misfit values (fig. 7.1 b). At step 2, the algorithm searches
more densely around the local minima and, at the same time, it continues the random
search to explore all the model space (Fig. 7.1 c). This procedure continues according to
the number of iterations, until the absolute minimum is found (Fig. 7.1 d).
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To estimate model parameters uncertainties, a number of parallel bootstrapping chains
are realized, where individual bootstrap weights and bootstrap noise are applied to each
misfit target. Thus, each bootstrap chain has a different misfit and may converge to

different areas within the model space. These differences represent the uncertainty of
model with respect to data errors.

a) b)
= =
Step 1
Source parameter (e.g. strike) Source parameter (e.g. strike)
c) d)
Absolute
minimum
s =
Step 2 Step N

Source parameter (e.g. strike) Source parameter (e.g. strike)

Figure 7.1 —Iterative and direct random search approach used in GROND optimization. a)
misfit function of strike source parameter; b) random search around the model space; c)

denser search around the local minima and random search simultaneously; d) the absolute
minimum is found after N number of iterations

7.2 APPLICATION TO THE HENGILL DATASET

| performed the inversion for DC, deviatoric and full moment tensor source models
separately. The L1 norm is used to measure the mismatch between observation and
model. Synthetic seismograms are generated based on pre-calculated Green’s functions

(with QSEIS, Wang 1999) using the Tryggvason et al. (2002) velocity model. For local
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distances of selected master events, | used 250 m grid spacing, 0 - 60 km epicentral
distance and 0.250 - 15 km source depth, whereas for regional distances of the
mainshock 1 km of grid spacing, 1 - 900 km epicentral distance, and 1 - 15 km source

depth. Then synthetics data are tapered and filtered in the same way of observed data.

For the master events, | performed the inversion in time domain, using as targets both
full waveform and body-waves recorded by local seismic network. To improve the time
accuracy, synthetic and observed displacement traces are aligned based on manual P
and S picks. To account for potential overlap of P and S time windows during the fitting
procedure, | inverted full waveforms (time windows length between -0.2 s from P wave
and + 0.9 s from S wave) for stations near to the source (with epicentral distance lower
than 4.8 km) (Fig. 7.2 a) and separate P and S body waves (time windows respectively
with 1 and 1.5 s length) for stations far away from the source (epicentral distances larger
than 4.8 km) (Fig. 7.2 b). For full waveform inversion | used a frequency band between 1
and 3 Hz, whereas for body waves inversion between 1.5 and 2.5 Hz.

Full waveform windows

—ZB BJA OO HHE™ ~ —. —_——  — _
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P and S body waves windows
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dic 30, 2018

Figure 7.2 — Example of full waveform windows for epicentral distances lower than 4.8 km

and b) P and S body waves windows for epicentral distances larger than 4.8 km of master
events.
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| performed the mainshock inversion both in time and frequency domain, using full
waveforms recorded by regional seismic network with an epicentral distance range
between 1-900 km. Time window length is between the P-wave arrival and + 2.0 s from
S-wave arrival. The applied frequency filter is between 0.04 and 0.08 Hz. (Fig. 7.3).
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Figure 7.3 Example of full waveform windows for the mainshock

To choose the earthquake source model, | also evaluated the Bayesian (BIC) and Akaike
(AIC) Information Criteria (Kass and Raftery 1995; Burnham and Anderson 2002) for the
three source models (DC, deviatoric, full) of master events and mainshock. These criteria
are defined as follows:

BIC = kin (n) + nln () (14)

AIC =2k +nin () (15)

where k is the number of free parameters plus 1, n is the number of data points in
recorded waveform and R is the misfit of solutions. According to the equations the lowest
BIC and AIC values give an indication of the preferred source model. The BIC statistics
penalizes a larger number of free parameters more heavily than the AIC, because k is
multiplied by the natural log of n. Basically, the BIC selects a simpler model (i.e. with less
parameters) than AIC.
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7.3 RESULTS

For the misfit calculation, observed and synthetic data are processed in the same way for
all target used in master events and mainshock inversions. In Appendix C an example of
the best fitting model between observed and synthetic data for a master event (Fig. C.1)
and for the mainshock (Fig. C.2) are shown. In addition, examples of the optimization
process results of strike and rake parameters and the sorted misfit of single bootstrap
chains for a master event and the mainshock are reported in figures C.3 and C.4 (see
Appendix C).

Figure 7.4 shows all source model solutions (DC, deviatoric and full) of selected masters

of each clusters (divided by colours) and mainshock (in black).

Masters Latitude Longitude depth (km) DC dev full
30/12/2018 05:02 63.95969 -21.33911 5:1 9 2 o)
30/12/2018 05:04 63.95969 -21.33911 5:5 o) 2 @)
30/12/2018 07:49 63.95970 -21.33637 5:2 > ® >
30/12/2018 09:00 63.95834 -21.32817 7.0 > p (]
30/12/2018 12:43 63.95892 -21.33635 52 D > >
01/01/2019 05:56 63.95969 -21.33911 5.4 2 ‘s 7
04/01/2019 00:49 63.96733 -21.33848 6.7 o) ‘e ‘o
23/01/2019 19:36 63.94889 -21.35145 5.9 2 “~ s,
22/12/2018 17:51 64.06689 -21.26794 3.5 C 7, [ §)
23/01/2019 18:58 64.05317 -21.26650 3.2 (V) &g “
26/01/2019 04:07 64.05819 -21.27650 3.2 > > o ]
29/01/2019 02:29 64.06087 -21.28626 257 (P ly (P
23/12/2018 18:52 64.04485 -21.40567 2:2 $ S %
14/01/2019 15:27 64.05285 -21.40578 2.4 v vA 9
29/01/2019 19:16 64.05644 -21.40584 1.9 > 9 9
25/01/2019 05:56 64.00687 -21.37240 2.4 dy f] (@)
25/01/2019 07:37 64.00267 -21.38052 2.2 i g @)
30/01/2019 14:33 64.02287 -21.41353 2.2
29/01/2019 16:26 64.09663 -21.36539 3.2 Q 4 0

mainshock latitude longitude depth (km)
30/12/2018 02:56 63.97262 -21.32624 7.0 ﬁ ‘, ‘,

Figure 7.4 - Results of earthquake source inversion. The three source model solutions (DC,
deviatoric and full) are reported for each selected master events (divided in colours
according to belonging cluster) and for the mainshock (in black).
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No focal mechanisms are available for clusters 6 and 7 because of high noise content of
recorded seismograms.

Focal mechanism solutions for the mainshock are in agreement with local solutions of
cluster 1, which include many aftershocks of the seismic sequence.

DC solutions show from normal to strike-slip fault solutions, with most of nodal planes
striking NNE and E-dipping (Fig. 7.5).

Triangular diagram for seismicity-clusters

Strike-Slip

1 cluster

2 cluster
3 cluster
4 cluster
5 cluster
6 cluster
7 cluster | |
8 cluster |4

Normal Fault Thrust Fault

Figure 7.5 - DC focal mechanism solution and triangular diagram for faults classification
of master events in each cluster

Most of deviatoric solutions has a positive CLVD component, whereas full solutions are
quite different from cluster to cluster. For instance, cluster 4 show a large isotropic

component in full solution, whereas cluster 1 has a larger deviatoric component.

Orientation of pressure (P) and tension (T) axes for the three source solutions is
consistent in each cluster (Figure 7.6): P axes range from horizonal NE or SW through
vertical, and T axes show predominately horizontal NW-SE orientation. Compressional

and dilatational zones are in agreement with the tectonic trend of area.
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Pressure (P), Tension (T), Null (B) axis of clusters and mainshock

P axis T axis B axis

DC

P axis T axis B axis

deviatoric

P axis T axis B axis

full

Figure 7.6 - Orientation of pressure (P), tension (T) and null (B) axes of each cluster for DC,
deviatoric and full source model solutions

Figure 7.7 indicates misfit values of selected master events and the mainshock for the
three source models, showing how they are similar to each other, especially the DC and
deviatoric misfit values. The mainshock solutions present the higher misfit values, most
probably due to the low number of station and their poor coverage, not homogeneously
distributed

Table 7.1 show the mean BIC and AIC values of the three source models for each cluster
and for the mainshock, with the lowest BIC values marked in red. AIC and BIC values are
similar and the preferred source models for each cluster are the same for both.
Most of cluster and the mainshock have DC and full preferred source models, however

all values of the three models are very similar without any remarkable difference
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Figure 7.7 - Misfit values of earthquake source inversion for each master events and for
the three source models.

Table 7.1 - Mean BIC and AIC values of the three source models for spatial clusters and the

mainshock.
SPATIAL CLUSTER DC-BIC DEV-BIC FULL-BIC DC-AIC DEV-AIC FULL-AIC
1 -1.1859E+06  -1.1863E+06 -1.1780E+06 -1.1859E+06 -1.1864E+06 -1.1781E+06
2 -1.2713E+06  -1.2710E+06 -1.2655E+06 -1.2713E+06 -1.2711E+06 -1.2656E+06
3 -1.7236E+06  -1.7232E+06 -1.7163E+06 -1.7236E+06 -1.7232E+06 -1.7164E+06
4 -1.3020E+06  -1.3032E+06 -1.3043E+06 -1.3020E+06 -1.3032E+06 -1.3044E+06
5 -1.9172E+06  -1.9167E+06 -1.9088E+06 -1.9172E+06 -1.9168E+06 -1.9088E+06
8 -1.1075E+06  -1.1061E+06 -1.1094E+06 -1.0755E+05 -1.1062E+06 -1.1095E+06
MAINSHOCK -2.5386E+07  -2.5458E+07 -2.5499E+07 -2.5386E+07 -2.5458E+07 -2.5499E+07
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8. DISCUSSION

| investigated the seismicity at Hengill geothermal area recorded between 22 December
2018 and 31 January 2019, including a seismic sequence at the end of December 2018
with Mw 4.7 mainshock occurred on 30 December 2018.

The dataset is mainly composed by low magnitude events, characterized by high
frequency content and low SNR of recorded waveforms. Thus, their analysis and
characterization are challenging. | applied automated methods for earthquakes location,
clustering analysis and source mechanisms determination that explore the full waveform,

and that have proven to be efficient tools for microseimic and noisy events investigations.

Hypocentral distribution of seismic events shows that: 1) shallower events, with depth
less than 4 km, occurred in the proximity of the geothermal fields and seem to be clustered
in three small clusters; 2) most of deeper events appear as a bigger separate cluster
located outside the geothermal area, on the neighbouring SISZ (Fig. 4.7). The obtained
results are in agreement with those obtained by manual location and highlight how
uncertainties of solutions also depend on the position of events with respect to the seismic
network (Fig. 4.8).

Spatial clustering identifies eight clusters and shows that most of shallower events belong
to clusters 3, 4 and 5, located in centre of geothermal area, whereas deeper events seem
to occur at the edges of geothermal site (Fig. 5.2). In particular, the Mw 4.7 seismic
sequence belongs to the biggest and deepest cluster (Fig. 5.2), quite separate from the
others and located in south of study area with an E-dipping depth-trend.

Most of waveform clustering results show one waveform family (except for clusters 3, 6
and 8), suggesting the activation of single planar structures, or subparallel faults (see
table 5.1). Some selected stations of cluster 3 detect two waveform-families on only one
component (GANO2 and GRH43 stations on vertical component, INNST station on
horizontal component); considering focal mechanism solutions | attribute the detection of
two waveform families to specific event-station geometries, with the stations laying close
to nodal planes. For instance, P-first motion polarities recorded at stations GANO2 and
GRH43 are both positive or negative, but these stations are located close to one nodal
plane, so that different polarities can be explained for the same mechanism just due to
minor location changes (Fig. 8.1).
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Figure 8.1 - Waveform clustering results and DC focal mechanism of cluster 3. Locations
of station close to nodal planes might explain different P first motion polarities and the 2
waveform families observed.

Based on BIC and AIC values (table 7.1), most of cluster and the mainshock have DC
and full preferred source model, however all values for the three models are very similar,

without any remarkable difference.

Although source inversions of the mainshock and cluster 1 are computed with two
different seismic networks, their solutions for the three source models are in agreement

with each other.
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DC focal mechanisms (Fig. 7.5) and P and T axis orientation (Fig. 7.6) show normal and
strike slip fault solutions with a plane striking NNE and ESE-dipping, in agreement with
the dominant tectonic trend of area (Foulger and Toomey 1989; Steigerwald et al., 2020;
Bergerat and Angelier, 2000). Furthermore, the tectonic orientation is consistent with the
depth-trend of cluster 1 (see vertical section in Fig. 5.2), showing an E-dipping oriented
plane.

The decomposition of full moment tensor solutions (Fig. 8.2) found that shallower master
events show a quite large non-DC components (Fig. 8.3 a), especially the ISO component
(Fig. 8.3 d) for cluster 4 (in violet) and 8 (in pink). These solutions are typical of induced
earthquakes or of natural ones not caused by pure shear faulting.
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Figure 8.2 - Decomposition of full moment tensor solutions in DC (orange), CLVD (green)
and ISO (blue) components of selected master events

On the contrary, deeper master events are close to deviatoric solutions, i.e. the CLVD +
DC components (Fig. 8.3 b). In particular, focal mechanisms of cluster 1 differ from the
others due to the high percentage of positive CLVD in full solutions (Fig. 8.3 e); this source
model is agreement with a combination of shear and tensile faulting.

Even some focal mechanism from previous studies (Miller et al., 1998, foulger 1988 a,b;
Sigmundsson et al., 1997) related to small earthquakes activity show some solutions with
normal and strike-slip faults related to plate movements in the area, and other ones with
a significative non double couple component. The authors suggested that such
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earthquakes are either due to tensile cracks formation, resulting either from thermal

contraction and cracking in the heat source, or to magma injection under the volcanic

system, or even due to a combination of shear and tensile faulting.
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Figure 8.3 - Percentage of moment tensor components of each master events full solution:
a) non-DC, b) deviatoric, ¢) DC, d) ISO, e) CLVD components.
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9. DISCRIMINATING BETWEEN NATURAL AND |INDUCED
SEISMICITY AT HENGILL AREA

As mentioned in the Introduction section, to discriminate between natural and induced
seismicity several approaches have been proposed but there is not yet a unique and
standardized approach. Current discrimination methods can be divided into two main
categories: qualitative and quantitative approaches. The first ones are based on series of
binary questions related to observed seismicity and industrial activities, using direct
seismological information, such as the spatio-temporal correlation between
anthropogenic activities and seismic events. The other group of approaches requires
specific physics and probabilistic analyses, thus requiring different type of data such as
hydraulic, geologic and geomechanical data.

Quantitative approaches can provide more robust answers with respect to qualitative
approaches, whose results can lead to ambiguous interpretation. On the other hand,
significant results in quantitative methodologies require high-quality data of different type
(such as hydraulic data, geological information and geomechanical models). However,
these datasets are often missing and, as a consequence, quantitative discrimination
methods can be used only rarely. In addition, using these approaches with unreliable data
may introduce biases and mislead the results.

In this work, to discriminate between natural and induced events at Hengill geothermal
area, in addition to parameters-based methods for seismic source characterization (see
section 7) | also performed the test YES or NO proposed by Davis and Frohlich (1993)
based on available data. This qualitative method allows to assess whether events can be
due to the fluid injection or not through 7 criteria (questions). These questions address 4
factors: 1) the historical seismicity of the study region, 2) the geographical and geological
relationship between injection sites and seismic activity 3) the presence or absence of
temporal correlation between injection and seismic activity, 4) the expected effect of fluid
injection on the stress regime at the injection sites.

A “YES” answer supports induced origin caused by injection, a “NO” answer suggests
that injection is not the cause. In many cases, where answers are uncertain because of
incomplete or conflicting information, they denote these less certain answers with
question marks “YES ?” or “NO ?”.
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If “YES” answers are five or more, then they conclude that there is a strong evidence of

relation between injection and seismic, if the “YES” answers are three or fewer, they

suggest a cause different from the injection.

| performed the Davis and Frohlich test (1993) for each spatial cluster and considering

separately Hellisheidi and Nesjavellir geothermal wells. Injection data refer to 11 wells

located at Husmuli and Grauhnukar zones, which are two reinjection sites of Hellisheidi

field. These data include information about pressure at well head (bar) (table 9.1) and
flow rate Q (I/s) (table 9.2) from December 2018 to January 2019 at Grauhnukar site and

for January 2019 at Husmuli site.

Table 9.1 - Pressure (bar) at well head (bar) at Hasmuli and Grauhnukar site

Hasmuli wells min P (bar) date max P (bar) date mean P (bar)
HN-16 47282817 14/01/2019 6.5028986 29/01/2019 5.568168
HN-09 -0.6933691 15/01/2019 8.0589678 24/01/2019 7.296298
HN-14 -0.4155142 14/01/2019 8.4596066 24/01/2019 7.751557
HN-12 -0.6877895 29/01/2019 7.1815803 29/01/2019 6.513040
HN-17 -0.6409265 15/01/2019 7.5616875 24/01/2019 6.824961

Grauhnukar wells
HN-05 7.1957826 14/01/2019 8.5767058 24/01/2019 7.952339
HN-08 7.0557981 14/01/2019 8.434551 24/01/2019 7.809758
HN-10 6.8764916 14/01/2019 8.2203495 24/01/2019 7.606917
HN-06 7.0308564 14/01/2019 8.3948531 24/01/2019 7.774539
HN-07 7.1892146 14/01/2019 8.5680543 24/01/2019 7.944880
HN-03 7.0373378 14/01/2019 8.4110851 24/01/2019 7.788840

Table 9.2 - Flow rate (I/s) at well head at Hasmuli and Grauhnukar site

Hasmuli wells min Q (I/s) date max Q (I/s) date mean Q (I/s)
HN-14 0.5184221 14/01/2019 35.3178038 15/01/2019 18.351085
HN-17 0.9799383 15/01/2019 58.0256548 15/01/2019 28.705836
HN-12 -9.7550153 29/01/2019 74.7791271  30/01/2019 -4.881755
HN-09 0.05787 15/01/2019 79.1608781 15/01/2019 53.922276
HN-16 48.0497679 29/01/2019 80.2430549 14/01/2019 69.091119

Grauhnukar wells
HN-10 40.3919406 29/01/2019 70.739787 14/01/2019 64.658708
HN-07 47.3318568 29/01/2019 81.5545012 01/01/2019 74.275994
HN-05 24.6709165 29/01/2019 36.0310446  01/01/2019 33.545333
HN-08 52.1209822 29/01/2019 75.3504835 01/01/2019 70.892306
HN-03 0.289344 29/01/2019 1.8228672 15/01/2019 0.799363
HN-06 31.0461295 29/01/2019 52.5685012 01/01/2019 47.571758
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Table D.1 in Appendix D shows the results of the Davis and Frohlich test (1993) for each
spatial cluster, specifying the related geothermal field. The answers are explained below.

Question 1 - Are these events the first known earthquakes of this character in the region?

Previous studies (Bjornsson, 2004; Gunnarson et al., 2013 a,b; Agustsson et al., 2015;
Stefansson and Halldérsson, 1988; Einarsson, 1991; Arnadéttir et al., 2001; Hreinsdottir
et al., 2009) already highlighted the occurrence of small (M < 2) and moderate (M = 4)
earthquakes in the same area of the eight clusters, that seem related to both natural and
injection/reinjection operations for the geothermal exploitation.

Question2 — Spatial correlation

In table 9.3 the mean epicentral distance (in km) between the bottom of wells and the
mean clusters epicentral location, for both geothermal sites, are indicated. Figure 9.1
shows the location and depth traces of Hellisheidi and Nesjavellir injection wells
(delivered by Reykjavik Energy) together with earthquakes and full focal mechanism

solutions of master events.

Table 9.3 - Mean epicentral distances (km) between clusters and the wells bottom at
Hellishedi and Nesjvellir geothermal sites.

spatialclusters | T e o o | " anct hosors-voms ot Neama

1 8,455 15,305
2 5,648 4,654
3 2,939 8,308
4 3,750 11,199
5 3,751 11,918
6 9,226 1,661

7 10,091 16,721
8 8,317 4,401
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Figure 9.1 - Map and two orthogonal NS and EW vertical sections of clusters with the full
moment tensor solutions of master events (circled in black in vertical sections) and the
location of Hellisheidi and Nesjavellir injection wells (black lines).

Cluster 1, 2, 6, 7 and 8 have a mean distance larger than 5.0 km with respect of Hellisheidi
wells, whereas cluster 3, 4 and 5 are within 5 km from Hellisheidi wells, in the vicinity of
some injection wells at depth < 3.0 km (see vertical section in Fig. 9.1). In particular,
cluster 3 occurred at Husmuli site, close to wells listed in table 9.1, whereas some events
of cluster 4 and 5, are located near Grauhnukar wells (Fig. 9.2).

Considering Nesjavellir field, epicentral location of cluster 6 is within 2 km from wells
bottom, however its depth is larger than 4.5 km, deeper compared to the wells bottom.
Even cluster 2 and 8 are located within 5 km from wells bottom, with depth > 2 km (Fig.
9.1). However, at Nesjavellir field, until December 2018, the injection was shallow with
injection wells less than 500 m deep for the ground water system.

Some studies mapped tectonic structures and fissure swarms in the area (Saemundsson,
1979; Eirnasson 2008; Khodayar and Bjornsson 2014; Steigerwald et al., 2020). The
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dominant tectonic trend of the area is extensional, with the distribution of major faults and
eruptive fissures oriented NNE, parallel to the accretionary zones, whereas South of
64°N, in the SISZ, the area is characterized by transform faulting with the main tectonic
structures striking N-S. There is no direct evidence of a possible channel flow rate,

however the distribution of some faults is close to injection wells.
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Figure 9.2 - Map and two orthogonal NS and EW vertical sections view of injection wells
listed in table 9.1 and 9.2 at Hismuli and Grauhnukar site and clusters 3, 4 and 5. Master
events are marked with black edge circle.

Question 3 — Temporal correlation

For Grauhnukar site, injection data are provided for all the period considered in this work,
from 22 December 2018 to 31 January 2019, with the exception of a small gap window
at the beginning of January. During the stimulation period, some events of cluster 4 and
5 occurred (Fig. 9.3). The number of events belonging to cluster 4 tends to increase after
21 and 24 January (Fig. 9.3 a, c), at the highest values of pressure (see table 9.1). The
two focal mechanism available for this cluster occurred on 25 January and have a high
percentage of ISO component. The lower pressure values are recorded on 14 January,
but no events occurred at the site. However, few earthquakes occurred before 14 January,
that seems not connected to the stimulation.

Most of events of cluster 5 occurred at the end of December and on 6 January (Fig 9.3

d), a few days after the maximum values of flow rate (see table 9.2).
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Figure 9.3 - Pressure (bar) (a) and flow rate Q (I/s) (b) applied at Grauhnukar wells head
from 22 December 2018 to 31 January 2019. Number of events of clusters 4 (c) and 5 (d).

For Hasmuli site, injection data are provided for January 2019. Although Husmuli site is
not known as a seismically active area, during the stimulation some seismic events
belonging to cluster 3 occurred (Fig. 9.4). In particular, the number of events tend to
increase after 24 January until 29, when the applied pressure is higher (Fig. 9.4 a, c). A
small seismic sequence occurred between 11 and 12 January, before the pressure drop
(see table 9.1 and Fig. 9.4 c¢), and it seems not associated to the production wells.
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The higher picks of flow rate occur immediately after the minimum values, between 14
and 15 January (table 9.2), but few events occurred during these days (Fig. 9.4 b, c).
Temporal and spatial correlation between injection and seismicity was already found by
Yusef (2020) for the period January 2018 and 2019 at Husmuli and Grauhnukar sites,
where seismicity took place after changes in the pressure or the injection rate.
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Figure 9.4 - Pressure (bar) (a) and flow rate Q (I/s) (b) applied at Hismuli wells head from
1 January 2019 to 31 January 2019. Number of events of clusters 3 (c).

Question 4 — Injection practices

For both Husmuli and Grauhnukar injection sites, the higher-pressure values at wells head
are larger than 8 bar.

There are already a few reported cases of induced seismicity before 2018, such as the
two M 4.0 induced events in 2011 (Bessason et al., 2012; Ratouis et al., 2019); the 2011
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earthquakes occurred during rapid changes in the injection rates, but their triggering
mechanism is still disputed. The induced earthquake found during 2011 - 2012 and the
two mainshock occurred on normal and strike-slip faults with NNE-SSW orientation, in
agreement with DC focal mechanism results.

At Husmuli site between 2011 and 2012 a small induced seismicity was observed during
drilling and testing of the wells, with the head pressure of 8 bar and 28 bar in the well,
considering that the natural water level in the area is 200 m, which results in additional
hydrostatic pressure of 20 bar in the well, when it is full of water (Gunnarson et al., 2013
a; Sveinbjornsson and Thorhallsson 2013). Even our pressure values are in the same
range of the previous ones for the same site and the seismic events have magnitude less
than 1.5. However, the applied pressure in the wells was also not high enough to cause
hydrofracturing. An explanation for this seismic activity is that the reinjection triggered
earthquakes, which released stresses that had already built up in the area (Gunnarson et
al., 2013 a).

Although the pressure levels are similar, the flow rate for the period 2011-2012 was higher
(> 100 I/s) (Bessason et al., 2012, Juncu et al., 2020) with respect to 2018-2019 level,
whose mean value is about 30 I/s.

Some earthquakes occurred in 2003-2004 were also correlated to injection activity, where
the fluid pressure changes inside the local reservoir fractures network have been
observed (Bjornsson 2004).

The Davis and Frohlich (1993) test results show that, cluster 3, 4 and 5 are marked with
“YES” or “YES?”, with the exception of the first answer, suggesting a clear relationship
between seismic events and injection activities at Hellisheidi injection site. Other clusters
are marked with “NO” for the same site suggesting a natural origin. Clusters 2, 6 and 8
have a mean epicentral distance from Nesjavellir wells bottom less than 5 km, however

no deep injections were performed at the site.

9.1 SUMMARY

In order to discriminate between natural and induced seismicity at Hengill geothermal
area, | computed earthquake location, clustering analysis and source mechanisms
determination. Furthermore, | performed the test “YES” or “NO” proposed by Davis and
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Frohlich (1993), considering the location of boreholes and injection data provided for

Husmuli and Grauhnukar site, parts of Hellisheidi field.
The results show that:

1) Some shallow seismic events of clusters 3, 4 and 5, located close to Hellisheidi wells,
show a relationship with injection activities. Furthermore, most of full moment tensor
solutions of shallower master events have a quite large percentage of non-DC
component, and particularly of the ISO component. These results suggest that the origin

of such events might be induced or natural but not caused by pure shear faulting.

2) Deeper events, especially those belonging to cluster 1 and 7 with depth > 4 km, are
distant from geothermal site and might have more a natural origin. In particular the
seismic source of cluster 1 seems to be consistent with combination of shear and tensile

faulting, typical of geothermal and volcanic earthquakes.

3) Clusters 2, 6 and 8 occurred quite close to Nesjavellir geothermal site, with different
depths, however there is no deep injection at the site. The origin of such seismic events
might be natural or linked to injection site by some tectonic structure as a possible fluid
flow channel. In particular, the master event of cluster 8 shows a high percentage of non-

DC component of moment tensor.
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10. CONCLUSIONS

The Hengill area is a complex tectonic and geothermal active, located at the triple junction
between the Reykjanes Peninsula (RP), the Western Volcanic Zone (WVZ), and the
South Iceland Seismic Zone (SISZ). This region is seismically active and hosts the two
largest operating geothermal power plants, located at the Nesjavellir and the Hellisheidi,
for electrical power and heat production. Therefore, the origin of earthquakes may be
either natural or anthropogenic. Given the coexistence of natural and anthropogenic
drivers of seismicity in the area, the problem of discriminating among natural and induced
events is here very challenging.

In this thesis, | investigated the seismicity at Hengill geothermal area recorded between
22 December 2018 and 31 January 2019, including a seismic sequence at the end of
December 2018 with Mw 4.7 mainshock occurred on 30 December 2018. The dataset is
composed by a large number of low magnitude events, characterized by high frequency

content and noise contaminated signal.

To understand the source mechanisms and the origin of these seismic events, | used a
very dense seismic monitoring network and apply full-waveform based methods for

earthquake location, clustering analysis and source mechanism determination.

| first tested three different velocity models choosing the best one (Tryggvason et al.,
2002) on the basis of maximum estimated coherence values, and then | computed
earthquake locations. The depth distribution of seismicity highlights: 1) shallower events,
with depth less than 4 km, occurred in the proximity of the geothermal fields, which seem
to be clustered in three small clusters; 2) most of deeper events appear as a bigger
separate cluster located outside the geothermal area.

The spatial clustering analysis identified eight clusters: shallower clusters are located in
the proximity of Hellisheidi geothermal fields, whereas the hypocenters are deeper at the
edge of geothermal site. The ML 4.7 mainshock belongs to the biggest and deepest
cluster, located in south of study area, on the neighbouring SISZ, where larger
earthquakes occurred. Most of waveform clustering results show one waveform,

suggesting similar earthquake source mechanisms.
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Focal mechanism solutions of selected master events for three source models (DC,
deviatoric, full) are consistent to each cluster. P and T axis orientation and the DC focal

mechanisms are in agreement with the stress field of the area.

The decomposition of full solutions shows a quite large non-DC component, particularly
the ISO component, for shallower master events, whereas the deeper ones are close to
deviatoric solution. In particular, focal mechanisms of cluster 1 differ from the others due
to the high percentage of positive CLVD in full solutions; this source model is agreement
with a combination of shear and tensile faulting.

| even performed the test “YES” or “NO” proposed by Davis and Frohlich (1993),

combining all results to discriminate between natural and induced seismicity.

The analysis indicated that the shallower seismicity near to Hellisheidi boreholes (cluster
3, 4, 5) show a relationship with injection activities as well as a large non-DC component.
This suggests that their origin might be induced or due to natural drivers different from
the pure shear faulting.

Deeper events belonging to cluster 1 and 7 with depth > 4 km, are distant from the
geothermal sites and might have more likely natural origin. Some events of cluster 2, 6
and 8 occurred quite close to Nesjavellir geothermal site, with different depths, and might
have a natural origin or be linked to injection site by some tectonic structure as a possible

fluid flow channel.

This thesis provides a basic framework to characterize the seismic source and to
understand the origin of seismic events at Hengill area, SW Iceland, through earthquake
location, clustering analysis, seismic source mechanisms and spatio-temporal correlation

between seismicity and anthropogenic activity.

To better constrain the origin of such seismic events, future work may include more
information and data, for instance a greater dataset, hydrogeologic modelling and
geomechanical properties. Thus, this analysis and the obtained results can be considered

as the incipit for future investigation of seismicity in the area.
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Appendix A. Catalogue

Table A.1 - Catalogue

Date Latitude Longitude Depth(km)
22/12/18 8.18 64.04929 -21.39755 1.8551
22/12/18 8.19 64.07494 -21.40026 3.6174
22/12/18 11.00 64.11058 -21.28347 5.4332
22/12/18 11.41 63.94308 -21.43315 5.5874
22/12/18 13.18 64.10698 -21.29165 5.5787
22/12/18 15.04 63.95171 -21.36793 6.1886
22/12/18 17.51 64.06689 -21.26795 3.5358
22/12/18 17.52 64.06753 -21.27329 3.6000
22/12/18 18.16 64.11419 -21.27530 4.4000
22/12/18 21.19 64.05674 -21.28293 3.1304
22/12/18 21.36 64.10698 -21.29165 5.4986
22/12/18 21.40 64.05673 -21.28472 3.1126
22/12/18 22.02 64.08679 -21.31605 1.1327
22/12/18 22.43 64.09604 -21.36619 3.7876
22/12/18 23.36 64.08512 -21.42267 4.8000
22/12/18 23.39 64.03693 -21.39510 3.7018
23/12/18 0.00 63.97700 -21.33914 6.6268
23/12/18 0.08 64.07916 -21.64563 4.5608
23/12/18 2.17 64.06180 -21.17942 4.1991
23/12/18 2.41 64.05472 -21.42024 0.0766
23/12/18 3.05 64.11119 -21.35738 3.6000
23/12/18 3.06 64.11200 -21.35739 3.6000
23/12/18 4.30 64.01642 -21.37387 2.3952
23/12/18 5.03 64.11692 -21.35428 4.3677
23/12/18 5.27 63.94713 -21.48178 4.0077
23/12/18 7.04 63.95935 -21.44360 6.2415
23/12/18 8.01 64.05319 -21.25972 2.8000
23/12/18 8.28 64.05705 -21.40585 2.0721
23/12/18 8.32 64.05645 -21.40584 2.0000
23/12/18 8.37 64.05645 -21.40584 2.0000
23/12/18 11.07 64.11418 -21.28055 2.4000
23/12/18 11.08 64.11339 -21.27529 2.9565
23/12/18 11.17 64.11139 -21.27710 2.3141
23/12/18 13.08 63.93796 -21.41512 6.9468
23/12/18 14.55 64.11779 -21.26712 3.5116
23/12/18 17.28 64.04567 -21.40758 2.2218
23/12/18 17.37 64.04206 -21.41666 2.0693
23/12/18 18.47 64.04329 -21.40709 2.0000
23/12/18 18.51 64.04207 -21.41382 2.3141
23/12/18 18.52 64.04486 -21.40567 2.2249
23/12/18 19.42 63.95548 -21.44244 6.4000
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23/12/18 20.22 63.84967 -21.12679 6.2433
24/12/18 9.46 64.10698 -21.29165 2.1721
24/12/18 10.51 64.10339 -21.28986 5.6000
24/12/18 12.51 64.10340 -21.28192 4.9478
24/12/18 13.37 64.10062 -21.28337 5.2000
24/12/18 14.01 64.10430 -21.27962 5.6136
24/12/18 15.45 64.10340 -21.28340 5.4427
24/12/18 15.50 63.91904 -21.26044 4.0000
24/12/18 17.08 64.05288 -21.39892 1.3567
24/12/18 17.18 63.94884 -21.37452 6.8673
24/12/18 17.21 63.94884 -21.37456 6.8000
24/12/18 17.52 64.10340 -21.28187 5.7427
24/12/18 18.30 64.02526 -21.39879 0.2087
24/12/18 20.03 64.03815 -21.42264 2.0000
24/12/18 20.54 63.93449 -21.52031 8.4183
24/12/18 21.29 63.95294 -21.66983 2.0579
24/12/18 21.36 64.09322 -21.16301 11.0308
25/12/18 2.51 64.01692 -21.42163 2.8000
25/12/18 3.59 64.04865 -21.30724 3.1500
25/12/18 4.36 64.05318 -21.26650 3.6000
25/12/18 15.44 63.95161 -21.39380 6.1525
25/12/18 22.41 64.10470 -21.35897 3.4908
25/12/18 23.19 64.11333 -21.35585 3.6703
26/12/18 6.05 64.01966 -21.42168 1.1596
26/12/18 6.17 64.01858 -21.42926 1.7383
26/12/18 7.22 64.02287 -21.40490 1.5110
26/12/18 7.22 64.02085 -21.41573 1.8159
26/12/18 8.01 64.02110 -21.42988 1.5311
26/12/18 12.35 64.00338 -21.37093 2.2577
26/12/18 14.06 64.05829 -21.28294 3.2756
26/12/18 22.59 63.99084 -21.47588 8.3007
27/12/18 5.07 64.05286 -21.40579 1.7450
27/12/18 12.26 63.95746 -21.74103 9.1762
27/12/18 17.56 63.93964 -21.33174 6.1304
27/12/18 22.05 64.04240 -21.27459 4.4000
27/12/18 22.36 63.96915 -21.12855 9.4303
27/12/18 22.59 64.01311 -21.43497 2.4897
28/12/18 2.04 64.01281 -21.42975 3.3100
28/12/18 2.13 64.11197 -21.35739 3.6000
28/12/18 2.45 64.10699 -21.28563 5.2058
28/12/18 4.01 64.01766 -21.38073 2.1439
28/12/18 7.07 64.01484 -21.37886 2.6449
28/12/18 10.39 64.05674 -21.28293 2.8000
28/12/18 11.23 64.05289 -21.39256 2.0844
28/12/18 14.49 64.05827 -21.27822 2.7115
28/12/18 15.28 64.06154 -21.29000 2.1944
28/12/18 20.04 64.01294 -21.61723 3.1977
29/12/18 3.19 64.05066 -21.25588 3.5712
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29/12/18 8.53 63.96530 -21.15295 9.1561
29/12/18 10.54 64.05111 -21.26025 3.6000
29/12/18 15.07 64.01689 -21.42982 1.6000
29/12/18 16.56 63.95850 -21.17536 8.5340
29/12/18 17.18 64.05985 -21.29219 2.8000
29/12/18 17.28 64.04608 -21.33094 2.4627
29/12/18 18.36 63.96405 -21.10420 9.5823
29/12/18 19.08 64.00717 -21.37241 2.2430
29/12/18 19.23 64.17083 -21.85718 11.8812
29/12/18 21.33 63.95254 -21.32932 5.2756
29/12/18 22.55 63.97812 -21.47806 5.9723
30/12/18 2.56 63.97262 -21.32625 7.0468
30/12/18 2.57 63.96252 -21.33707 6.7431
30/12/18 2.58 64.03849 -21.40854 2.0000
30/12/18 3.00 64.03850 -21.40558 2.3248
30/12/18 3.00 64.03850 -21.40558 2.2441
30/12/18 3.01 63.97248 -21.32445 6.5856
30/12/18 3.01 63.97385 -21.33111 6.7102
30/12/18 3.02 64.04209 -21.40563 2.2587
30/12/18 3.04 64.04082 -21.41034 1.7401
30/12/18 3.06 63.97645 -21.32658 6.5077
30/12/18 3.06 63.96250 -21.34691 6.6099
30/12/18 3.08 63.95971 -21.33418 6.4000
30/12/18 3.11 63.96446 -21.16454 8.6253
30/12/18 3.15 64.00571 -21.35754 2.5898
30/12/18 3.16 63.97027 -21.32243 7.0933
30/12/18 3.17 63.95007 -21.30030 10.0758
30/12/18 3.20 64.04209 -21.40563 1.6000
30/12/18 3.20 63.99241 -21.37811 4.8744
30/12/18 3.23 63.95472 -21.31835 6.9466
30/12/18 3.27 63.97047 -21.33924 6.0000
30/12/18 3.30 63.97377 -21.35163 6.5990
30/12/18 3.31 63.97485 -21.32969 6.7791
30/12/18 3.33 63.96328 -21.34381 5.7447
30/12/18 3.36 63.97617 -21.31129 7.4879
30/12/18 3.39 63.96717 -21.34407 4.2768
30/12/18 3.40 63.96763 -21.35057 6.1730
30/12/18 3.41 63.96868 -21.32744 5.6555
30/12/18 3.41 63.96921 -21.30990 4.5082
30/12/18 3.46 63.97235 -21.33406 4.2185
30/12/18 3.50 63.97414 -21.30017 6.8000
30/12/18 3.51 63.95959 -21.29174 3.7359
30/12/18 3.54 63.96051 -21.33615 5.9950
30/12/18 3.55 63.97333 -21.34092 5.6804
30/12/18 4.04 63.97324 -21.33501 6.6531
30/12/18 4.14 63.97333 -21.33563 6.1548
30/12/18 4.20 63.96954 -21.35548 6.6815
30/12/18 4.23 63.96894 -21.31864 6.3884
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30/12/18 4.29 63.95818 -21.34085 5.2061
30/12/18 4.34 63.95971 -21.33390 6.2215
30/12/18 4.35 63.98180 -21.33266 8.5362
30/12/18 4.41 63.96684 -21.32629 7.3657
30/12/18 4.56 63.96433 -21.33345 6.5924
30/12/18 5.00 63.97420 -21.33917 8.0220
30/12/18 5.02 63.95970 -21.33911 5.1107
30/12/18 5.04 63.95970 -21.33911 5.5041
30/12/18 5.05 63.96451 -21.33407 6.5839
30/12/18 5.14 63.95970 -21.33911 5.1184
30/12/18 5.17 63.96329 -21.33915 6.0000
30/12/18 5.21 63.97800 -21.31875 8.8842
30/12/18 5.22 63.96749 -21.33920 6.2042
30/12/18 5.22 63.95189 -21.32626 5.8323
30/12/18 5.28 63.97049 -21.33107 6.4000
30/12/18 5.30 63.97706 -21.32479 7.3644
30/12/18 5.37 63.96758 -21.35032 5.6000
30/12/18 6.16 63.96995 -21.30665 8.7331
30/12/18 6.26 63.95970 -21.33911 5.2863
30/12/18 6.36 63.91391 -21.37161 8.5190
30/12/18 6.37 63.96678 -21.32397 6.3117
30/12/18 6.46 63.97000 -21.33145 8.1077
30/12/18 6.47 63.96683 -21.35895 5.6000
30/12/18 6.56 63.97200 -21.32292 7.5547
30/12/18 6.56 63.97278 -21.32293 7.8962
30/12/18 7.11 63.91653 -21.36515 8.0789
30/12/18 7.14 63.96613 -21.32356 5.7093
30/12/18 7.19 63.96686 -21.34737 6.3339
30/12/18 7.49 63.95970 -21.33638 5.2079
30/12/18 9.00 63.95835 -21.32817 7.0156
30/12/18 9.25 63.96456 -21.33917 6.6966
30/12/18 9.31 63.96107 -21.37996 7.7770
30/12/18 9.32 63.96043 -21.33912 6.3963
30/12/18 9.34 63.96541 -21.39935 6.1466
30/12/18 9.55 64.07044 -21.30122 3.7392
30/12/18 10.20 63.97122 -21.34636 6.0605
30/12/18 10.30 63.96330 -21.33271 7.1154
30/12/18 10.40 63.96255 -21.38211 7.2356
30/12/18 11.36 63.95810 -21.33092 5.3804
30/12/18 11.45 63.96319 -21.37999 7.2135
30/12/18 11.52 63.96671 -21.30951 4.2166
30/12/18 11.55 63.96463 -21.40490 6.7873
30/12/18 11.56 63.98715 -21.32093 9.0520
30/12/18 11.56 63.95961 -21.37351 8.0000
30/12/18 12.09 63.96314 -21.39769 6.5658
30/12/18 12.18 63.97053 -21.33292 6.5571
30/12/18 12.23 64.02393 -21.50833 3.4317
30/12/18 12.40 63.95973 -21.32278 6.3889
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30/12/18 12.41 63.96014 -21.32583 6.5117
30/12/18 12.42 63.95852 -21.34043 5.6652
30/12/18 12.43 63.95892 -21.33636 5.2872
30/12/18 12.51 64.03033 -21.33708 13.3336
30/12/18 13.06 63.95757 -21.33633 6.1266
30/12/18 13.16 63.96938 -21.32465 7.4586
30/12/18 13.24 63.96689 -21.33274 7.5257
30/12/18 14.12 63.96328 -21.34100 6.1733
30/12/18 15.58 63.96093 -21.33913 5.6136
30/12/18 16.00 63.97472 -21.32610 7.5015
30/12/18 17.00 63.97446 -21.39245 5.7770
30/12/18 17.05 63.97963 -21.32438 7.3903
30/12/18 17.15 64.03051 -21.54189 5.5351
30/12/18 18.00 63.96560 -21.32503 7.6171
30/12/18 18.23 63.96768 -21.33283 8.0112
30/12/18 19.47 63.97404 -21.31979 6.5387
30/12/18 20.26 64.10405 -21.28341 5.5859
30/12/18 20.31 63.97249 -21.34743 7.5094
30/12/18 20.45 63.97182 -21.33315 7.4991
30/12/18 20.47 64.00604 -21.36879 2.6809
30/12/18 21.11 63.96775 -21.35106 7.2000
30/12/18 21.24 63.96449 -21.33128 7.0891
30/12/18 23.37 63.96687 -21.34112 6.0941
31/12/18 5.23 63.96591 -21.32324 5.4169
31/12/18 9.16 63.96601 -21.39113 6.7843
31/12/18 10.34 63.96255 -21.34081 6.0889
31/12/18 14.01 63.96003 -21.16442 8.5812
31/12/18 14.32 63.97331 -21.33927 6.1085
31/12/18 15.17 63.96409 -21.34733 6.8536
31/12/18 15.19 64.03443 -21.37569 0.4492
31/12/18 15.51 63.96620 -21.33435 6.2032
31/12/18 17.10 63.96264 -21.31828 4.8354
31/12/18 19.31 64.01016 -21.44366 1.7087
31/12/18 19.37 64.16781 -21.33746 4.0729
31/12/18 20.15 63.96594 -21.34409 6.6759
31/12/18 22.15 63.93448 -21.37432 6.7086
1/1/19 0.06 64.04042 -21.17798 2.3171
1/1/19 0.16 63.95818 -21.33736 6.1736
1/1/19 0.26 63.96255 -21.34082 6.7394
1/1/19 5.56 63.95970 -21.33911 5.4685
1/1/19 5.58 63.95970 -21.33911 5.5143
1/1/19 6.11 64.01829 -21.42481 2.4917
1/1/19 6.22 63.96620 -21.33919 6.2406
1/1/197.14 63.98490 -21.30672 8.4802
1/1/19 7.44 63.96678 -21.30901 8.3728
1/1/19 10.27 63.96928 -21.32816 6.8682
1/1/19 11.19 63.95771 -21.34216 5.2000
1/1/19 11.22 63.95330 -21.33897 5.0118
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1/1/19 11.36 63.95970 -21.33911 5.0623
1/1/19 11.50 64.06082 -21.40591 2.0869
1/1/19 13.08 63.97270 -21.33476 6.0603
1/1/19 15.17 63.93238 -21.92078 11.2291
1/1/19 21.41 64.05569 -21.39764 2.0871
2/1/19 2.31 63.97416 -21.33751 5.4596
2/1/19 2.49 63.96997 -21.33923 5.9911
2/1/19 3.16 64.03415 -21.62209 3.0611
2/1/19 7.51 63.96328 -21.34145 6.4066
2/1/19 10.03 63.96478 -21.97766 -1.8338
2/1/19 11.19 63.97408 -21.32819 6.1972
4/1/19 0.49 63.96733 -21.33849 6.7552
4/1/19 3.50 63.93455 -21.27083 7.0333
4/1/19 10.29 64.00565 -21.37524 2.2589
4/1/19 15.36 64.11183 -21.35738 3.6000
4/1/19 18.53 64.02170 -21.62740 6.1770
4/1/19 23.06 63.96123 -21.34234 6.1574
5/1/19 22.25 64.05647 -21.39765 1.6809
6/1/197.27 64.01043 -21.43790 2.3176
6/1/19 7.39 64.01410 -21.43459 2.6087
6/1/19 7.41 64.01557 -21.43798 2.5514
6/1/19 7.59 63.96172 -21.33913 6.0939
6/1/19 8.01 63.98721 -21.42114 4.4741
6/1/19 8.08 64.01032 -21.43250 2.6636
6/1/19 8.24 63.95970 -21.33911 6.1767
6/1/19 11.55 63.95609 -21.34723 6.1069
6/1/19 13.54 63.99661 -21.16784 7.1802
6/1/19 15.09 64.04207 -21.41382 2.0906
6/1/19 16.28 63.93606 -21.27189 4.6490
6/1/19 16.44 63.93271 -21.27715 4.2540
6/1/19 16.59 64.10832 -21.28345 5.2000
6/1/19 20.06 64.11058 -21.28347 5.2000
6/1/19 21.07 63.93045 -21.28348 5.8632
6/1/19 21.53 63.93108 -21.29254 6.3291
6/1/19 21.54 63.93002 -21.28254 6.6759
6/1/19 22.04 63.92675 -21.29475 6.6443
6/1/19 22.18 63.93109 -21.28769 6.3158
6/1/19 23.12 63.93108 -21.29257 5.9380
6/1/19 23.17 64.05903 -21.28121 3.1152
6/1/19 23.30 63.93220 -21.28594 6.6032
6/1/19 23.40 63.93195 -21.27715 4.1049
6/1/19 23.49 63.93260 -21.28904 5.4323
6/1/19 23.50 63.93389 -21.28169 4.0000
7/1/19 0.48 64.02048 -21.42987 -1.6000
7/1/19 0.49 63.89637 -21.95577 9.9619
7/1/19 2.11 63.92907 -21.28689 5.1036
7/1/19 2.20 63.94618 -21.29948 2.6775
7/1/19 2.52 64.03115 -21.46278 4.2541
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7/1/19 3.23 64.00367 -21.48870 3.4385
7/1/19 3.40 64.01758 -21.42176 1.8351

7/1/19 4.56 64.00349 -21.37236 2.0714
7/1/19 5.29 64.06332 -21.21579 4.3206
7/1/19 15.44 63.93745 -21.34520 7.1119

7/1/19 17.20 63.94808 -21.38795 5.7501

7/1/19 18.29 63.99668 -21.32625 5.7454
7/1/19 18.31 63.95733 -21.32545 6.7947
7/1/19 19.35 63.96982 -21.55017 7.1744
7/1/19 20.31 64.05677 -21.26654 2.8000
7/1/19 21.23 63.96328 -21.34270 6.4000
7/1/19 21.58 63.97333 -21.33786 5.5865
7/1/19 22.42 63.99487 -21.37659 1.3994
7/1/19 23.33 64.10698 -21.28876 5.6000
8/1/19 0.38 64.11043 -21.35207 3.5111

8/1/19 0.40 64.10967 -21.35563 3.3381

8/1/19 2.11 63.97030 -21.40294 5.3430
8/1/19 4.19 63.92799 -21.29278 7.9193
8/1/19 4.22 64.11704 -21.26711 4.9478
8/1/19 4.29 63.99822 -20.88304 -0.0855
8/1/19 4.56 64.01175 -21.44438 1.6269
8/1/19 5.20 63.94567 -21.44495 6.4000
8/1/19 5.30 64.13315 -21.33985 2.1325
8/1/19 7.08 64.06001 -21.41409 2.0000
8/1/19 9.28 64.05969 -21.28296 3.2000
8/1/19 10.33 64.05283 -21.41398 1.6816
8/1/19 20.01 63.96980 -21.33247 5.5842
8/1/19 22.55 63.93173 -21.69416 8.6416
9/1/19 2.13 63.96639 -21.16300 7.5121

9/1/19 2.35 64.03636 -21.44649 3.4400
9/1/19 3.04 64.00677 -21.60486 3.6908
9/1/19 3.06 64.00756 -21.59790 3.5479
10/1/19 0.02 64.07199 -21.42112 3.8873
10/1/19 7.46 63.96975 -21.36523 5.5819
10/1/19 7.58 63.93808 -21.34885 6.4378
10/1/19 12.13 64.04161 -21.35152 2.7120
10/1/19 12.15 64.04160 -21.35348 2.9126
10/1/19 15.36 64.11261 -21.25852 9.1313
10/1/19 16.23 63.95915 -21.33397 7.7488
10/1/19 16.42 64.05313 -21.29290 4.5033
10/1/19 18.23 63.96986 -21.32933 6.8848
11/1/19 15.27 64.05017 -21.40131 2.3650
11/1/19 15.33 64.05202 -21.39053 1.5365
11/1/19 18.01 64.05954 -21.40948 2.7282
11/1/19 20.16 63.95019 -21.45162 1.3697
11/1/19 23.00 64.05226 -21.40269 1.7027
11/1/19 23.05 64.05146 -21.40080 1.7576
11/1/19 23.13 64.05286 -21.40392 1.7676
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12/1/19 1.37 64.04207 -21.41382 2.7846
12/1/19 9.11 64.05442 -21.42324 8.2837
12/1/19 11.47 64.02058 -21.57814 5.9491
12/1/19 13.22 64.05058 -21.40576 1.0533
12/1/19 13.24 64.05288 -21.39760 1.6000
12/1/19 13.28 64.11353 -21.28204 4.8714
12/1/19 13.29 64.05289 -21.39260 0.7836
12/1/19 13.34 64.05288 -21.39904 1.6000
12/1/19 13.43 64.05221 -21.39759 1.6747
12/1/19 13.47 64.05217 -21.39494 1.6803
12/1/19 13.47 64.05289 -21.39486 1.6000
12/1/19 13.49 64.05087 -21.39757 1.8243
12/1/19 13.56 64.05058 -21.40053 1.7451
12/1/19 13.57 64.03398 -21.34493 3.1357
12/1/19 13.57 64.04928 -21.40071 1.7711
12/1/19 14.02 64.05069 -21.39439 1.5125
12/1/19 15.21 63.99910 -21.37230 1.6000
12/1/19 15.41 64.05288 -21.39760 0.8000
12/1/19 18.56 64.09606 -21.35839 4.0589
12/1/19 19.11 64.01341 -21.41795 3.6489
12/1/19 23.12 64.00486 -21.37553 1.8426
13/1/19 0.35 64.04078 -21.52927 12.7027
13/1/19 3.33 63.93689 -21.37470 3.5138
13/1/19 6.05 64.03483 -21.43483 3.0314
13/1/19 6.07 64.01397 -21.34795 2.0000
13/1/19 8.26 63.93451 -21.17046 3.7284
13/1/19 10.09 63.94809 -21.21191 7.4147
13/1/19 20.32 64.06045 -21.21215 4.4116
13/1/19 21.38 64.12496 -21.27018 3.7672
14/1/19 0.35 64.02409 -21.42174 2.0890
14/1/19 2.51 64.04699 -21.39680 4.7454
14/1/19 4.25 64.02970 -21.42659 1.1721
14/1/19 15.27 64.05286 -21.40579 2.4000
14/1/19 15.39 64.05285 -21.40890 2.7161
14/1/19 16.17 64.09308 -21.35855 4.0000
14/1/19 17.47 63.96193 -21.34084 6.4676
14/1/19 18.35 63.94508 -21.43499 6.7175
14/1/19 22.37 63.94523 -21.38294 5.4258
15/1/19 2.44 64.11997 -21.25893 3.9297
15/1/19 3.40 64.04142 -21.30074 5.5068
15/1/19 6.34 63.96563 -21.20979 6.6547
15/1/19 7.50 63.93661 -21.35872 5.8383
15/1/19 9.13 64.02759 -21.50632 1.5072
15/1/19 9.36 63.96033 -21.33912 6.2594
15/1/19 10.15 63.96234 -21.07780 7.6713
15/1/19 10.59 64.10341 -21.28154 5.4570
15/1/19 12.11 63.95543 -21.33906 5.2155
15/1/19 12.31 64.04224 -21.34830 1.4318
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15/1/19 13.10 64.09377 -21.36540 4.0019
15/1/19 14.25 63.96260 -21.33915 6.0764
15/1/19 16.00 64.11873 -21.32702 6.4027
15/1/19 16.43 64.05295 -21.37302 1.6880
15/1/19 16.53 64.05295 -21.37302 2.0000
15/1/19 21.10 63.97654 -21.60605 6.0120
15/1/19 22.39 64.05538 -21.29426 4.3231
15/1/19 23.58 63.94527 -21.38132 6.7043
16/1/19 0.56 64.11866 -21.22645 3.4620
16/1/19 4.44 64.02192 -21.59388 4.2379
16/1/19 6.40 64.03631 -21.58352 5.1342
16/1/19 9.28 64.03620 -21.58105 5.7728
16/1/19 10.33 63.96029 -21.34728 5.2000
16/1/19 11.43 63.95893 -21.35362 5.3656
16/1/19 14.20 64.03236 -21.58055 5.8184
16/1/19 14.24 64.03302 -21.57744 5.7461
16/1/19 15.42 64.05093 -21.25829 2.8809
16/1/19 17.01 64.03149 -21.58090 5.8260
16/1/19 17.03 64.03073 -21.57894 5.9113
16/1/19 17.34 64.12268 -21.25112 3.5018
16/1/19 19.25 63.95966 -21.35544 5.4542
16/1/19 19.51 64.05318 -21.26650 2.8000
16/1/19 21.22 64.06752 -21.27507 3.6057
16/1/19 22.30 64.04108 -21.17939 2.8652
16/1/19 22.40 64.03581 -21.57894 6.0000
16/1/19 23.13 63.94688 -21.39286 5.5532
16/1/19 23.35 64.03229 -21.58063 5.7555
16/1/19 23.37 64.03137 -21.58420 5.8425
16/1/19 23.51 64.03071 -21.58423 5.6733
17/1/19 0.25 64.03312 -21.58328 5.8199
17/1/19 0.28 64.03132 -21.58284 5.6739
17/1/19 2.55 64.03211 -21.58666 5.9782
17/1/19 2.56 63.95899 -21.28659 5.5287
17/1/19 4.22 64.05674 -21.28293 2.8000
17/1/19 5.40 64.09604 -21.36539 4.0000
17/1/19 12.43 64.04391 -20.98891 8.4569
17/1/19 13.32 64.03322 -21.58271 5.4337
17/1/19 14.48 64.00424 -21.38055 2.0000
17/1/19 16.23 64.00718 -21.53954 3.4416
17/1/19 18.30 64.02677 -21.23021 3.4964
17/1/19 19.58 63.97753 -21.09233 8.4906
17/1/19 22.30 64.06253 -21.19465 5.2076
17/1/19 22.49 63.96776 -21.54527 7.1099
18/1/19 5.19 63.95510 -21.33905 4.7531
18/1/19 7.37 64.12723 -21.50469 5.9772
18/1/19 7.41 64.01151 -21.38972 0.8417
18/1/19 8.37 64.05391 -21.21094 4.2411
18/1/19 9.46 64.03348 -21.57786 5.2490
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18/1/19 9.57 64.04968 -21.21405 3.8374
18/1/19 14.28 64.04717 -21.37889 0.9016
18/1/19 22.24 64.05836 -21.21787 4.0884
18/1/19 23.02 64.03508 -21.40369 0.4186
18/1/19 23.03 64.05431 -21.36648 6.2440
19/1/19 7.46 64.06033 -21.28296 3.2000
19/1/19 14.31 64.00994 -21.66266 8.4120
19/1/19 15.43 64.03160 -21.56446 5.4330
19/1/19 20.55 64.05965 -21.28825 3.2000
19/1/19 21.17 64.07765 -21.33524 4.4056
20/1/19 0.45 64.10409 -21.28163 5.2000
20/1/19 0.58 64.02070 -21.36844 0.2083
20/1/19 2.00 64.01346 -21.37386 2.6241
20/1/19 4.46 64.03896 -21.17628 2.4000
20/1/19 5.36 63.94876 -21.06935 9.6798
20/1/197.44 63.95397 -21.33038 6.9864
20/1/19 12.09 63.97022 -21.43353 3.8251
20/1/19 23.47 64.10685 -21.34911 4.2538
21/1/19 4.36 63.94238 -21.40238 7.0283
21/1/19 6.07 64.06402 -21.22417 4.7969
21/1/196.45 64.05541 -21.26340 2.9524
21/1/19 11.16 64.01344 -21.37887 2.7117
21/1/19 11.16 64.01344 -21.37887 2.7121
21/1/19 12.31 64.00836 -21.37612 3.0558
21/1/19 12.53 64.00989 -21.36426 2.5461
21/1/19 14.28 63.95546 -21.32772 6.9734
21/1/19 15.23 64.05321 -21.25197 3.5336
21/1/19 16.59 64.06044 -21.21740 4.5523
21/1/19 17.00 64.06044 -21.21740 4.6101
21/1/19 18.43 63.97245 -21.62293 6.8000
21/1/19 18.48 63.97034 -21.62332 7.0436
21/1/19 20.14 64.01687 -21.43800 2.0000
21/1/19 20.14 64.01687 -21.43800 2.0000
21/1/19 20.57 64.00563 -21.38199 1.7398
21/1/19 22.42 64.06033 -21.28296 3.2000
21/1/19 23.35 64.06263 -21.20102 4.6217
22/1/19 0.17 64.06737 -21.34514 1.9131
22/1/19 1.51 63.96610 -21.35722 5.9168
22/1/19 2.19 64.03076 -21.58693 5.8360
22/1/19 3.14 64.11838 -21.23798 -0.0458
22/1/19 3.31 64.06352 -21.21542 4.5777
22/1/19 3.32 64.01187 -21.47482 13.2864
22/1/196.16 63.95223 -21.08875 9.3139
22/1/19 10.29 64.03302 -21.58394 5.9103
22/1/19 10.33 64.11112 -21.35222 4.1782
22/1/19 10.35 64.11042 -21.35737 3.5294
22/1/19 10.36 64.11042 -21.35737 3.5307
22/1/19 10.41 64.03632 -21.57933 5.5430
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22/1/19 17.36 63.95006 -21.43526 4.6936
23/1/19 0.41 64.05320 -21.25477 3.0550
23/1/197.15 64.07095 -21.34866 1.7732
23/1/19 9.06 63.96591 -21.14619 8.9441
23/1/19 12.14 64.05319 -21.26293 2.8000
23/1/19 12.32 64.11562 -21.24963 4.7846
23/1/19 12.58 63.91544 -21.20701 4.8676
23/1/19 15.11 63.97273 -21.33927 6.3153
23/1/19 18.58 64.05318 -21.26650 3.2000
23/1/19 19.05 64.05317 -21.26985 2.8780
23/1/19 19.10 64.04967 -21.21731 3.7701
23/1/1919.13 63.94975 -21.34799 5.6409
23/1/19 19.22 64.04568 -21.40569 2.8000
23/1/19 19.25 64.07168 -21.34523 4.0000
23/1/19 19.36 63.94890 -21.35146 5.9100
23/1/19 22.09 64.05970 -21.27860 2.6126
23/1/19 23.28 64.05954 -21.27773 2.7437
23/1/19 23.30 64.06033 -21.28296 2.4000
23/1/19 23.31 64.08342 -21.32716 3.4584
24/1/19 1.56 64.10917 -21.28487 5.2000
24/1/19 12.36 63.96568 -21.15224 9.4620
24/1/19 13.42 63.96762 -21.39383 6.5850
24/1/19 14.33 63.94302 -21.44478 6.8000
24/1/19 16.41 64.00987 -21.37387 2.6377
24/1/19 16.42 64.00913 -21.42754 2.5469
24/1/19 16.46 64.00973 -21.42457 2.8461
24/1/19 20.51 63.94461 -21.43984 7.0044
24/1/19 23.05 64.06033 -21.28296 3.1300
25/1/19 0.44 64.02048 -21.42987 2.4886
25/1/19 1.59 63.95324 -21.43419 4.1470
25/1/19 3.09 64.04860 -21.24026 10.1979
25/1/19 3.11 63.95639 -21.43818 6.1670
25/1/19 3.25 64.12500 -21.25076 3.9284
25/1/19 5.56 64.00688 -21.37240 2.4341
25/1/19 6.05 64.05652 -21.38059 2.2163
25/1/19 6.55 63.94367 -21.43510 6.5476
25/1/197.37 64.00267 -21.38052 2.2211
25/1/19 16.38 63.93003 -21.46302 4.3453
25/1/19 18.43 63.95295 -21.17223 8.0656
25/1/19 20.05 64.02188 -21.42815 3.0365
25/1/19 23.51 64.05356 -21.41399 2.0000
26/1/19 2.56 63.97398 -21.33876 11.7511
26/1/19 3.33 63.89690 -21.92829 7.2494
26/1/19 3.53 63.91800 -21.38738 6.2392
26/1/19 4.01 63.91862 -21.38568 6.1647
26/1/19 4.06 64.05962 -21.27935 3.1296
26/1/19 4.07 64.05819 -21.27650 3.2000
26/1/197.27 64.05645 -21.40584 3.2000

88



26/1/19 8.26 63.86167 -21.44381 9.5714
26/1/19 9.18 64.06033 -21.28296 3.6000
26/1/19 10.55 63.99642 -21.69301 6.2210
26/1/19 13.41 64.07708 -21.48477 9.1219
26/1/19 14.17 64.00697 -21.35901 3.0386
26/1/19 14.18 64.01248 -21.35844 2.0731
26/1/19 14.20 64.01062 -21.36262 2.3153
26/1/19 15.45 63.94891 -21.34533 5.2456
26/1/19 16.38 64.04673 -21.28282 4.0000
26/1/19 19.32 63.93372 -21.44982 10.3867
26/1/19 21.43 64.11058 -21.28524 5.2716
26/1/19 22.02 63.84637 -21.30051 6.2012
26/1/19 23.18 64.11059 -21.28034 5.3525
27/1/19 3.40 64.01053 -21.37097 1.6000
27/1/194.10 64.05316 -21.27470 3.6000
27/1/194.40 64.06363 -21.40595 2.0000
27/1/194.42 64.06371 -21.44667 3.7344
27/1/197.21 64.01430 -21.43503 2.0301
27/1/197.47 64.10994 -21.28194 5.5127
27/1/19 9.58 64.05752 -21.29113 2.4884
27/1/19 10.01 64.02037 -20.90721 8.3344
27/1/19 10.05 64.03301 -21.10000 3.1848
27/1/19 11.57 63.95184 -21.33721 5.6762
27/1/19 12.37 63.98187 -21.83418 6.8845
27/1/19 14.26 64.04459 -20.93704 10.5255
27/1/19 14.41 64.00861 -21.36273 1.8462
27/1/19 15.37 64.05314 -21.28764 3.7576
27/1/19 15.37 64.05315 -21.28448 3.4282
27/1/19 17.59 64.05247 -21.25830 3.0586
27/1/19 18.01 64.05321 -21.25195 3.2000
27/1/19 18.53 63.93770 -21.16749 8.1810
27/1/19 19.32 63.95029 -21.30862 7.0717
27/1/19 22.35 64.10926 -21.28346 5.4290
28/1/19 0.04 64.06100 -21.58636 2.8964
28/1/19 1.35 64.02052 -21.41702 2.1483
28/1/19 2.10 64.03978 -21.41280 3.3961
28/1/19 2.24 63.98874 -21.95548 9.3876
28/1/19 2.30 64.06004 -21.40412 2.0000
28/1/19 8.15 63.94443 -21.27072 8.2209
28/1/19 8.52 64.01746 -21.40703 8.1683
28/1/19 9.51 63.93762 -21.19399 7.1634
28/1/19 12.01 64.06003 -21.40729 2.0000
28/1/1912.13 64.07207 -21.33067 5.6201
28/1/19 13.44 64.04236 -21.27037 3.6488
28/1/19 16.27 64.11058 -21.28347 5.2684
28/1/19 20.02 63.96555 -21.23769 5.6624
28/1/19 21.17 64.04253 -21.18784 2.6193
28/1/19 21.25 64.04317 -21.18307 2.0757
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28/1/19 22.11 64.05970 -21.29115 2.4680
28/1/19 22.30 64.06032 -21.28453 2.7235
28/1/19 23.34 64.10073 -21.31864 -1.0636
28/1/19 23.37 63.95536 -21.29989 6.8100
29/1/19 0.19 64.06032 -21.28615 2.6447
29/1/19 0.19 64.05827 -21.28812 2.9472
29/1/19 0.20 64.06031 -21.29116 2.6439
29/1/19 0.21 64.05958 -21.29115 2.4817
29/1/19 0.22 64.06851 -21.29652 3.0414
29/1/19 0.37 64.06031 -21.29116 2.8000
29/1/19 2.00 64.06032 -21.28588 2.8000
29/1/19 2.15 64.05955 -21.28473 2.5443
29/1/19 2.16 64.06033 -21.28296 2.2366
29/1/19 2.24 64.06031 -21.28972 2.4000
29/1/19 2.29 64.06088 -21.28627 2.7382
29/1/19 2.33 64.05753 -21.28293 3.3553
29/1/19 2.34 64.06032 -21.28463 2.4701
29/1/19 2.35 64.06031 -21.29116 2.4000
29/1/19 2.38 64.06033 -21.28296 2.8000
29/1/19 2.50 64.05675 -21.27822 3.2765
29/1/19 2.51 64.06031 -21.29116 2.8000
29/1/19 2.54 64.06033 -21.28296 2.4802
29/1/19 2.55 64.06032 -21.28622 2.4000
29/1/19 2.56 64.05898 -21.28808 2.6992
29/1/19 2.57 64.06033 -21.28296 2.4000
29/1/19 3.01 64.06033 -21.28296 2.8000
29/1/19 3.01 64.06033 -21.28296 2.8000
29/1/19 3.04 64.05901 -21.28461 2.7748
29/1/19 3.38 63.94308 -21.41685 4.4692
29/1/19 4.31 64.06033 -21.28296 2.8000
29/1/19 4.37 64.05483 -21.41401 2.0000
29/1/19 5.45 64.06353 -21.28709 4.2495
29/1/196.14 64.05902 -21.28295 2.5456
29/1/196.45 64.05750 -21.28937 2.7140
29/1/19 10.48 64.02048 -21.42987 2.7323
29/1/1912.49 64.05647 -21.39765 1.6000
29/1/19 12.50 64.05647 -21.39765 1.6000
29/1/19 12.50 64.05647 -21.39765 1.5210
29/1/19 12.53 64.00493 -21.37709 2.4614
29/1/19 14.52 64.05348 -21.40082 2.0904
29/1/19 14.54 64.05567 -21.40739 1.7482
29/1/19 15.52 64.05362 -21.40232 1.6834
29/1/19 16.26 64.09663 -21.36539 3.2658
29/1/19 17.46 64.11961 -21.02212 10.9285
29/1/19 19.16 64.05645 -21.40584 1.9071
29/1/19 19.33 63.94590 -21.38466 5.0581
29/1/19 21.49 64.06752 -21.27484 3.6000
29/1/19 21.54 64.06752 -21.27653 3.6106
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29/1/19 22.27 64.06752 -21.27484 3.5156
29/1/19 22.51 64.06752 -21.27484 3.1175
30/1/19 2.06 64.01343 -21.38369 2.8000
30/1/19 3.21 64.06562 -21.18445 4.0000
30/1/19 6.40 64.11977 -21.36427 4.8696
30/1/199.23 64.04047 -21.14344 1.5128
30/1/19 10.32 63.95641 -21.16760 8.4000
30/1/19 14.33 64.02288 -21.41354 2.2761
30/1/19 15.15 64.05709 -21.53057 7.2048
30/1/19 15.18 64.05723 -21.40550 1.9825
30/1/19 15.37 64.04965 -21.23370 2.3101
30/1/19 23.21 64.04936 -21.37297 2.0000
31/1/19 1.42 63.84464 -21.13180 13.4198
31/1/191.45 63.79265 -21.04738 16.4079
31/1/19 2.21 64.05319 -21.25831 2.8000
31/1/19 2.30 63.96773 -21.57085 6.0814
31/1/19 6.21 64.06004 -21.40589 2.0000
31/1/19 6.46 64.04927 -21.40574 1.9118
31/1/197.16 64.06363 -21.40595 2.0000
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Table B.1 — Relative magnitude of Cluster 1

Appendix B. Relative magnitude

. . Relative
Date Longitude Latitude | Depth (km) Magnitude
23/12/18 0.00 | -21.33914 63.97700 6.627 -0.22
29/12/18 21.33 | -21.32932 63.95254 5.276 0.19
30/12/18 2.56 | -21.32625 63.97262 7.047 4.58
30/12/18 2.57 | -21.33707 63.96252 6.743 2.02
30/12/18 3.01 -21.32445 63.97248 6.586 1.00
30/12/18 3.01 -21.33111 63.97385 6.710 1.04
30/12/18 3.06 | -21.32658 63.97645 6.508 0.91
30/12/18 3.06 | -21.34691 63.96250 6.610 0.73
30/12/18 3.08 | -21.33418 63.95971 6.400 0.17
30/12/18 3.16 | -21.32243 63.97027 7.093 0.56
30/12/18 3.23 | -21.31835 63.95472 6.947 0.49
30/12/18 3.27 | -21.33924 63.97047 6.000 1.33
30/12/18 3.30 | -21.35163 63.97377 6.599 0.63
30/12/18 3.31 -21.32969 63.97485 6.779 0.48
30/12/18 3.33 | -21.34381 63.96328 5.745 0.16
30/12/18 3.36 | -21.31129 63.97617 7.488 0.24
30/12/18 3.40 | -21.35057 63.96763 6.173 0.79
30/12/18 3.41 -21.32744 63.96868 5.655 0.53
30/12/18 3.50 | -21.30017 63.97414 6.800 0.20
30/12/18 3.54 | -21.33615 63.96051 5.995 0.28
30/12/18 3.55 | -21.34092 63.97333 5.680 0.43
30/12/18 4.04 | -21.33501 63.97324 6.653 1.18
30/12/184.14 | -21.33563 63.97333 6.155 0.47
30/12/184.20 | -21.35548 63.96954 6.682 0.31
30/12/18 4.23 | -21.31864 63.96894 6.388 0.45
30/12/18 4.29 | -21.34085 63.95818 5.206 0.23
30/12/18 4.34 | -21.33390 63.95971 6.222 0.40
30/12/18 4.41 -21.32629 63.96684 7.366 0.21
30/12/18 4.56 | -21.33345 63.96433 6.592 0.51
30/12/18 5.00 | -21.33917 63.97420 8.022 0.52
30/12/18 5.02 -21.33911 63.95970 5.111 1.60
30/12/18 5.04 -21.33911 63.95970 5.504 1.15
30/12/18 5.05 | -21.33407 63.96451 6.584 0.88
30/12/18 5.14 -21.33911 63.95970 5.118 0.65
30/12/18 5.17 | -21.33915 63.96329 6.000 0.26
30/12/18 5.22 | -21.33920 63.96749 6.204 0.72
30/12/18 5.22 | -21.32626 63.95189 5.832 0.87
30/12/18 5.28 | -21.33107 63.97049 6.400 1.21
30/12/18 5.30 | -21.32479 63.97706 7.364 0.90
30/12/18 5.37 | -21.35032 63.96758 5.600 0.59
30/12/18 6.26 | -21.33911 63.95970 5.286 1.26
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30/12/18 6.37 | -21.32397 | 63.96678 6.312 0.40
30/12/18 6.46 | -21.33145 | 63.97000 8.108 0.55
30/12/186.47 | -21.35895 | 63.96683 5.600 0.33
30/12/18 6.56 | -21.32292 | 63.97200 7.555 0.42
30/12/18 6.56 | -21.32293 | 63.97278 7.896 0.41
30/12/18 7.14 | -21.32356 | 63.96613 5.709 0.23
30/12/18 7.19 | -21.34737 | 63.96686 6.334 1.01
30/12/18 7.49 | -21.33638 | 63.95970 5.208 1.35
30/12/18 9.00 | -21.32817 | 63.95835 7.016 1.99
30/12/18 9.25 | -21.33917 | 63.96456 6.697 1.15
30/12/18 9.32 | -21.33912 | 63.96043 6.396 0.58
30/12/18 10.20 | -21.34636 | 63.97122 6.060 1.06
30/12/18 10.30 | -21.33271 63.96330 7.115 1.22
30/12/18 11.36 | -21.33092 | 63.95810 5.380 1.40
30/12/18 12.18 | -21.33292 | 63.97053 6.557 0.10
30/12/18 12.40 | -21.32278 | 63.95973 6.389 2.62
30/12/18 12.41 | -21.32583 | 63.96014 6.512 0.86
30/12/18 12.42 | -21.34043 | 63.95852 5.665 0.87
30/12/18 12.43 | -21.33636 | 63.95892 5.287 1.59
30/12/18 13.06 | -21.33633 | 63.95757 6.127 1.01
30/12/18 13.16 | -21.32465 | 63.96938 7.459 0.25
30/12/18 13.24 | -21.33274 | 63.96689 7.526 0.49
30/12/18 14.12 | -21.34100 | 63.96328 6.173 0.83
30/12/18 15.58 | -21.33913 | 63.96093 5.614 0.48
30/12/18 16.00 | -21.32610 | 63.97472 7.502 0.54
30/12/18 17.05 | -21.32438 | 63.97963 7.390 0.37
30/12/18 18.00 | -21.32503 | 63.96560 7.617 0.29
30/12/18 18.23 | -21.33283 | 63.96768 8.011 0.38
30/12/18 19.47 | -21.31979 | 63.97404 6.539 0.13
30/12/18 20.31 | -21.34743 | 63.97249 7.509 0.47
30/12/18 20.45 | -21.33315 | 63.97182 7.499 0.53
30/12/18 21.11 | -21.35106 | 63.96775 7.200 1.14
30/12/18 21.24 | -21.33128 | 63.96449 7.089 0.54
30/12/18 23.37 | -21.34112 63.96687 6.094 1.21
31/12/18 5.23 | -21.32324 | 63.96591 5.417 0.88
31/12/18 10.34 | -21.34081 63.96255 6.089 0.81
31/12/18 14.32 | -21.33927 | 63.97331 6.108 0.20
31/12/18 15.17 | -21.34733 | 63.96409 6.854 0.46
31/12/18 15.51 | -21.33435 | 63.96620 6.203 0.28
31/12/18 17.10 | -21.31828 | 63.96264 4.835 0.10
31/12/18 20.15 | -21.34409 | 63.96594 6.676 1.03

1/1/19 0.16 -21.33736 | 63.95818 6.174 0.40

1/1/19 0.26 -21.34082 | 63.96255 6.739 0.23

1/1/19 5.56 -21.33911 63.95970 5.468 1.90

1/1/19 5.58 -21.33911 63.95970 5.514 0.73

1/1/19 6.22 -21.33919 | 63.96620 6.241 0.47

1/1/19 10.27 -21.32816 | 63.96928 6.868 0.67

1/1/19 11.19 -21.34216 | 63.95771 5.200 0.30

1/1/19 11.22 -21.33897 | 63.95330 5.012 0.37
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1/1/19 11.36 -21.33911 63.95970 5.062 0.87
1/1/19 13.08 -21.33476 63.97270 6.060 1.09
2/1/19 2.31 -21.33751 63.97416 5.460 0.10
2/1/119 2.49 -21.33923 63.96997 5.991 0.69
2/1/19 7.51 -21.34145 63.96328 6.407 1.21
2/119 11.19 -21.32819 63.97408 6.197 0.66
4/1/19 0.49 -21.33849 63.96733 6.755 1.81
4/1/19 23.06 -21.34234 63.96123 6.157 1.08
6/1/19 7.59 -21.33913 63.96172 6.094 1.09
6/1/19 8.24 -21.33911 63.95970 6.177 0.64
6/1/19 11.55 -21.34723 63.95609 6.107 0.43
7/1/19 18.31 -21.32545 63.95733 6.795 0.31
7/1/19 21.23 -21.34270 63.96328 6.400 0.46
7/1/19 21.58 -21.33786 63.97333 5.587 -0.02
8/1/19 20.01 -21.33247 63.96980 5.584 0.40
10/1/197.46 -21.36523 63.96975 5.582 0.70
10/1/1916.23 | -21.33397 63.95915 7.749 0.38
10/1/1918.23 | -21.32933 63.96986 6.885 0.1
14/1/1917.47 | -21.34084 63.96193 6.468 0.16
15/1/19 9.36 -21.33912 63.96033 6.259 0.66
15/1/19 12.11 -21.33906 63.95543 5.215 0.50
15/1/1914.25 | -21.33915 63.96260 6.076 0.53
16/1/1910.33 | -21.34728 63.96029 5.200 1.15
16/1/1911.43 | -21.35362 63.95893 5.366 0.45
16/1/1919.25 | -21.35544 63.95966 5.454 0.36
18/1/195.19 -21.33905 63.95510 4.753 0.12
20/1/197.44 -21.33038 63.95397 6.986 0.24
21/111914.28 | -21.32772 63.95546 6.973 0.93
22/1/19 1.51 -21.35722 63.96610 5.917 0.19
23/1/19 15.11 -21.33927 63.97273 6.315 0.67
23/11919.13 | -21.34799 63.94975 5.641 1.39
23/1/1919.36 | -21.35146 63.94890 5.910 1.41
26/1/19 1545 | -21.34533 63.94891 5.246 0.09
271119 11.57 | -21.33721 63.95184 5.676 0.62
Table B.2 — Relative magnitude of Cluster 2
Date Longitude Latitude | Depth (km) Relative
Magnitude
22/12/18 17.51 | -21.26795 64.06689 3.536 0.97
22/12/18 17.52 | -21.27329 64.06753 3.600 -0.35
22/12/18 21.19 | -21.28293 64.05674 3.130 -0.26
22/12/18 21.40 | -21.28472 64.05673 3.113 -0.70
23/12/18 8.01 -21.25972 64.05319 2.800 -0.25
25/12/18 4.36 | -21.26650 64.05318 3.600 -0.44
26/12/18 14.06 | -21.28294 64.05829 3.276 -0.35
28/12/18 10.39 | -21.28293 64.05674 2.800 -0.26
28/12/18 14.49 | -21.27822 64.05827 2.71 -0.40
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28/12/18 15.28 | -21.29000 64.06154 2.194 -0.50
29/12/18 3.19 | -21.25588 64.05066 3.571 0.89
29/12/18 10.54 | -21.26025 64.05111 3.600 -0.29
29/12/18 17.18 | -21.29219 64.05985 2.800 -0.25
6/1/19 23.17 -21.28121 64.05903 3.115 -0.51
7/1/19 20.31 -21.26654 64.05677 2.800 -0.43
8/1/19 9.28 -21.28296 64.05969 3.200 -0.31
10/1/19 16.42 | -21.29290 64.05313 4.503 -0.33
15/1/19 22.39 | -21.29426 64.05538 4.323 -0.52
16/1/19 15.42 | -21.25829 64.05093 2.881 -0.17
16/1/19 19.51 -21.26650 64.05318 2.800 -0.61
16/1/19 21.22 | -21.27507 64.06752 3.606 -0.51
17/1/19 4.22 -21.28293 64.05674 2.800 -0.57
19/1/19 7.46 -21.28296 64.06033 3.200 0.57
19/1/19 20.55 | -21.28825 64.05965 3.200 -0.09
21/1/19 6.45 -21.26340 64.05541 2.952 -0.34
21/1/1915.23 | -21.25197 64.05321 3.534 0.80
21/1/1922.42 | -21.28296 64.06033 3.200 -0.35
23/1/19 0.41 -21.25477 64.05320 3.055 -0.35
23/1/1912.14 | -21.26293 64.05319 2.800 -0.50
23/1/1918.58 | -21.26650 64.05318 3.200 0.42
23/1/1919.05 | -21.26985 64.05317 2.878 -0.66
23/1/1922.09 | -21.27860 64.05970 2.613 -0.51
23/1/1923.28 | -21.27773 64.05954 2.744 -0.67
23/1/19 23.30 | -21.28296 64.06033 2.400 -0.23
24/1/19 23.05 | -21.28296 64.06033 3.130 0.11
26/1/19 4.06 -21.27935 64.05962 3.130 0.02
26/1/19 4.07 -21.27650 64.05819 3.200 0.30
26/1/19 9.18 -21.28296 64.06033 3.600 -0.59
26/1/1916.38 | -21.28282 64.04673 4.000 -0.71
27/1/194.10 -21.27470 64.05316 3.600 0.01
27/1/19 9.58 -21.29113 64.05752 2.488 -0.88
27/1/1915.37 | -21.28764 64.05314 3.758 -0.51
27/1/1915.37 | -21.28448 64.05315 3.428 -0.50
27/1/1917.59 | -21.25830 64.05247 3.059 0.22
27/1/19 18.01 -21.25195 64.05321 3.200 -0.13
28/1/19 22.11 -21.29115 64.05970 2.468 -0.37
28/1/1922.30 | -21.28453 64.06032 2.724 -0.41
29/1/19 0.19 -21.28615 64.06032 2.645 0.23
29/1/19 0.19 -21.28812 64.05827 2.947 -0.32
29/1/19 0.20 -21.29116 64.06031 2.644 -0.06
29/1/19 0.21 -21.29115 64.05958 2.482 -0.16
29/1/19 0.22 -21.29652 64.06851 3.041 -0.45
29/1/19 0.37 -21.29116 64.06031 2.800 1.14
29/1/19 2.00 -21.28588 64.06032 2.800 0.12
29/1/19 2.15 -21.28473 64.05955 2.544 -0.45
29/1/19 2.16 -21.28296 64.06033 2.237 -0.47
29/1/19 2.24 -21.28972 64.06031 2.400 -0.37
29/1/19 2.29 -21.28627 64.06088 2.738 2.20
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29/1/19 2.33 -21.28293 64.05753 3.355 -0.38
29/1/19 2.34 -21.28463 64.06032 2.470 0.03
29/1/19 2.35 -21.29116 64.06031 2.400 -0.36
29/1/19 2.38 -21.28296 64.06033 2.800 -0.25
29/1/19 2.50 -21.27822 64.05675 3.277 -0.47
29/1/19 2.51 -21.29116 64.06031 2.800 0.12
29/1/19 2.54 -21.28296 64.06033 2.480 -0.28
29/1/19 2.55 -21.28622 64.06032 2.400 0.09
29/1/19 2.56 -21.28808 64.05898 2.699 -0.34
29/1/19 2.57 -21.28296 64.06033 2.400 -0.49
29/1/19 3.01 -21.28296 64.06033 2.800 -0.43
29/1/19 3.01 -21.28296 64.06033 2.800 -0.26
29/1/19 3.04 -21.28461 64.05901 2.775 -0.46
29/1/19 4.31 -21.28296 64.06033 2.800 -0.44
29/1/19 5.45 -21.28709 64.06353 4.249 -0.51
29/1/19 6.14 -21.28295 64.05902 2.546 -0.55
29/1/19 6.45 -21.28937 64.05750 2.714 -0.55
29/1/1921.49 | -21.27484 64.06752 3.600 -0.16
29/1/1921.54 | -21.27653 64.06752 3.611 -0.54
29/1/1922.27 | -21.27484 64.06752 3.516 -0.57
29/1/19 22.51 -21.27484 64.06752 3.117 -0.58
31/1/19 2.21 -21.25831 64.05319 2.800 -0.01
Table B.3 — Relative magnitude of Cluster 3
Date Longitude | Latitude | Depth (km) | Reiative
Magnitude
22/12/18 8.18 | -21.39755 64.04929 1.855 -0.38
23/12/18 8.28 | -21.40585 64.05705 2.072 -0.23
23/12/18 8.32 | -21.40584 64.05645 2.000 -0.34
23/12/18 8.37 | -21.40584 64.05645 2.000 -0.08
23/12/18 17.28 | -21.40758 64.04567 2.222 0.62
23/12/18 17.37 | -21.41666 64.04206 2.069 -0.26
23/12/18 18.47 | -21.40709 64.04329 2.000 0.70
23/12/18 18.51 | -21.41382 64.04207 2.314 -0.07
23/12/18 18.52 | -21.40567 64.04486 2.225 1.05
24/12/18 17.08 | -21.39892 64.05288 1.357 -0.21
24/12/18 20.03 | -21.42264 64.03815 2.000 -0.22
27/12/18 5.07 | -21.40579 64.05286 1.745 -0.28
28/12/18 11.23 | -21.39256 64.05289 2.084 0.01
30/12/18 2.58 | -21.40854 64.03849 2.000 0.84
30/12/18 3.00 | -21.40558 64.03850 2.325 1.55
30/12/18 3.00 | -21.40558 64.03850 2.244 1.88
30/12/18 3.02 | -21.40563 64.04209 2.259 0.56
30/12/18 3.04 | -21.41034 64.04082 1.740 0.43
30/12/18 3.20 | -21.40563 64.04209 1.600 0.31
1/1/19 11.50 -21.40591 64.06082 2.087 -0.24
1/1/19 21.41 -21.39764 64.05569 2.087 0.88
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5/1/19 22.25 -21.39765 64.05647 1.681 0.27
6/1/19 15.09 -21.41382 64.04207 2.091 -0.11
8/1/197.08 -21.41409 64.06001 2.000 -0.14
8/1/19 10.33 -21.41398 64.05283 1.682 0.06
11/1/19 15.27 | -21.40131 64.05017 2.365 0.09
11/1/19 15.33 | -21.39053 64.05202 1.537 0.42
11/1/19 18.01 -21.40948 64.05954 2.728 0.14
11/1/19 23.00 | -21.40269 64.05226 1.703 0.19
11/1/19 23.05 | -21.40080 64.05146 1.758 0.50
11/1/19 23.13 | -21.40392 64.05286 1.768 0.44
12/1/191.37 -21.41382 64.04207 2.785 0.26
12/1/19 13.22 | -21.40576 64.05058 1.053 -0.03
12/1/1913.24 | -21.39760 64.05288 1.600 0.57
12/1/19 13.29 | -21.39260 64.05289 0.784 0.15
12/1/19 13.34 | -21.39904 64.05288 1.600 0.38
12/1/19 13.43 | -21.39759 64.05221 1.675 0.25
12/1/19 13.47 | -21.39494 64.05217 1.680 1.42
12/1/19 13.47 | -21.39486 64.05289 1.600 1.55
12/1/19 13.49 | -21.39757 64.05087 1.824 0.53
12/1/19 13.56 | -21.40053 64.05058 1.745 0.00
12/1/19 13.57 | -21.40071 64.04928 1.771 0.03
12/1/19 14.02 | -21.39439 64.05069 1.512 0.19
12/1/19 15.41 -21.39760 64.05288 0.800 -0.26
14/1/19 15.27 | -21.40579 64.05286 2.400 1.19
14/1/19 15.39 | -21.40890 64.05285 2.716 0.01
15/1/19 16.43 | -21.37302 64.05295 1.688 0.01
15/1/19 16.53 | -21.37302 64.05295 2.000 0.12
18/1/19 14.28 | -21.37889 64.04717 0.902 0.00
23/1/1919.22 | -21.40569 64.04568 2.800 -0.22
25/1/19 6.05 -21.38059 64.05652 2.216 -0.33
25/1/19 23.51 -21.41399 64.05356 2.000 -0.26
26/1/19 7.27 -21.40584 64.05645 3.200 -0.32
27/1/19 4.40 -21.40595 64.06363 2.000 -0.25
28/1/19 2.10 -21.41280 64.03978 3.396 -0.30
28/1/19 2.30 -21.40412 64.06004 2.000 -0.33
28/1/19 12.01 -21.40729 64.06003 2.000 -0.08
29/1/19 4.37 -21.41401 64.05483 2.000 -0.02
29/1/1912.49 | -21.39765 64.05647 1.600 0.05
29/1/1912.50 | -21.39765 64.05647 1.600 -0.05
29/1/1912.50 | -21.39765 64.05647 1.521 -0.03
29/1/1914.52 | -21.40082 64.05348 2.090 -0.13
29/1/1914.54 | -21.40739 64.05567 1.748 -0.10
29/1/1915.52 | -21.40232 64.05362 1.683 -0.06
29/1/1919.16 | -21.40584 64.05645 1.907 1.70
30/1/19 15.18 | -21.40550 64.05723 1.983 -0.29
31/1/19 6.21 -21.40589 64.06004 2.000 -0.08
31/1/19 6.46 -21.40574 64.04927 1.912 -0.13
31/1/197.16 -21.40595 64.06363 2.000 -0.24
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Table B.4 — Relative magnitude of Cluster 4

Date Longitude Latitude | Depth (km) MZZI::;L'SG
23/12/18 4.30 | -21.37387 64.01642 2.395 -0.46
26/12/18 12.35 | -21.37093 64.00338 2.258 0.56
28/12/18 4.01 -21.38073 64.01766 2.144 -0.11
28/12/18 7.07 | -21.37886 64.01484 2.645 -0.09
29/12/18 19.08 | -21.37241 64.00717 2.243 0.07
30/12/18 3.15 | -21.35754 64.00571 2.590 0.53
30/12/18 20.47 | -21.36879 64.00604 2.681 -0.01

4/1/19 10.29 -21.37524 64.00565 2.259 0.13
7/1/19 4.56 -21.37236 64.00349 2.071 0.22
12/1/19 15.21 -21.37230 63.99910 1.600 0.07
12/1/1923.12 | -21.37553 64.00486 1.843 -0.26
13/1/19 6.07 -21.34795 64.01397 2.000 0.29
17/1/1914.48 | -21.38055 64.00424 2.000 0.03
20/1/19 2.00 -21.37386 64.01346 2.624 -0.01
21119 11.16 | -21.37887 64.01344 2.712 0.10
21119 11.16 | -21.37887 64.01344 2.712 0.1
21/1/19 12.31 -21.37612 64.00836 3.056 0.02
21/1/1912.53 | -21.36426 64.00989 2.546 0.27
24/1/19 16.41 -21.37387 64.00987 2.638 -0.09
25/1/19 5.56 -21.37240 64.00688 2.434 1.30
25/1/119 7.37 -21.38052 64.00267 2.221 0.90
26/1/1914.17 | -21.35901 64.00697 3.039 -0.08
26/1/1914.18 | -21.35844 64.01248 2.073 0.00
26/1/1914.20 | -21.36262 64.01062 2.315 -0.04
27/1/19 3.40 -21.37097 64.01053 1.600 0.00
27/1/19 14.41 -21.36273 64.00861 1.846 -0.10
29/1/1912.53 | -21.37709 64.00493 2.461 0.04
30/1/19 2.06 -21.38369 64.01343 2.800 -0.43
Table B.5 — Relative magnitude of Cluster 5
. . Relative

Date Longitude Latitude | Depth (km) Magnitude
25/12/18 2.51 -21.42163 64.01692 2.800 0.30
26/12/18 6.05 | -21.42168 64.01966 1.160 0.39
26/12/18 6.17 | -21.42926 64.01858 1.738 0.54
26/12/18 7.22 | -21.40490 64.02287 1.511 0.49
26/12/18 7.22 | -21.41573 64.02085 1.816 0.50
26/12/18 8.01 -21.42988 64.02110 1.531 0.34
27/12/18 22.59 | -21.43497 64.01311 2.490 0.15
28/12/18 2.04 | -21.42975 64.01281 3.310 0.22
29/12/18 15.07 | -21.42982 64.01689 1.600 0.61
31/12/18 19.31 | -21.44366 64.01016 1.709 -0.03
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1/1/19 6.11 -21.42481 64.01829 2.492 1.13
6/1/197.27 -21.43790 64.01043 2.318 0.28
6/1/19 7.39 -21.43459 64.01410 2.609 0.65
6/1/19 7.41 -21.43798 64.01557 2.551 0.69
6/1/19 8.08 -21.43250 64.01032 2.664 0.26
7/1/19 3.40 -21.42176 64.01758 1.835 0.57
8/1/19 4.56 -21.44438 64.01175 1.627 0.02
12/1/19 19.11 -21.41795 64.01341 3.649 0.01
14/1/19 0.35 -21.42174 64.02409 2.089 0.09
24/1/1916.42 | -21.42754 64.00913 2.547 0.62
24/1/1916.46 | -21.42457 64.00973 2.846 0.09
25/1/19 0.44 -21.42987 64.02048 2.489 0.25
25/1/19 20.05 | -21.42815 64.02188 3.036 0.55
27/1/197.21 -21.43503 64.01430 2.030 0.14
28/1/19 1.35 -21.41702 64.02052 2.148 0.00
29/1/1910.48 | -21.42987 64.02048 2.732 1.01
30/1/1914.33 | -21.41354 64.02288 2.276 1.40
Table B.6 — Relative magnitude of Cluster 6
Date Longitude | Latitude | Depth (km) | Reiative
Magnitude

22/12/18 11.00 | -21.28347 64.11058 5.433 0.56
22/12/18 13.18 | -21.29165 64.10698 5.579 0.80
22/12/18 18.16 | -21.27530 64.11419 4.400 0.39
22/12/18 21.36 | -21.29165 64.10698 5.499 0.30
24/12/18 10.51 | -21.28986 64.10339 5.600 0.55
24/12/18 12.51 | -21.28192 64.10340 4.948 0.81
24/12/18 13.37 | -21.28337 64.10062 5.200 0.62
24/12/18 14.01 | -21.27962 64.10430 5.614 0.48
24/12/18 15.45 | -21.28340 64.10340 5.443 0.51
24/12/18 17.52 | -21.28187 64.10340 5.743 0.38
28/12/182.45 | -21.28563 64.10699 5.206 0.51
30/12/18 20.26 | -21.28341 64.10405 5.586 0.77
6/1/19 16.59 -21.28345 64.10832 5.200 0.40
6/1/19 20.06 -21.28347 64.11058 5.200 0.64
7/1/19 23.33 -21.28876 64.10698 5.600 0.57
8/1/19 4.22 -21.26711 64.11704 4.948 0.39
12/1/19 13.28 | -21.28204 64.11353 4.871 0.45
15/1/19 10.59 | -21.28154 64.10341 5.457 1.00
20/1/19 0.45 -21.28163 64.10409 5.200 0.43
24/1/19 1.56 -21.28487 64.10917 5.200 0.21
26/1/1921.43 | -21.28524 64.11058 5.272 0.34
26/1/1923.18 | -21.28034 64.11059 5.353 0.49
27/1/19 7.47 -21.28194 64.10994 5.513 0.90
27/1/1922.35 | -21.28346 64.10926 5.429 0.34
28/1/1916.27 | -21.28347 64.11058 5.268 0.60
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Table B.7 — Relative magnitude of Cluster 7

Date Longitude Latitude | Depth (km) MZZI::;L'SG
16/1/19 6.40 -21.58352 64.03631 5.134 1.16
16/1/19 9.28 -21.58105 64.03620 5.773 0.81
16/1/1914.20 | -21.58055 64.03236 5.818 1.52
16/1/1914.24 | -21.57744 64.03302 5.746 0.87
16/1/19 17.01 -21.58090 64.03149 5.826 1.05
16/1/1917.03 | -21.57894 64.03073 5.911 0.89
16/1/1922.40 | -21.57894 64.03581 6.000 0.91
16/1/19 23.35 | -21.58063 64.03229 5.756 0.72
16/1/19 23.37 | -21.58420 64.03137 5.843 1.05
16/1/19 23.51 -21.58423 64.03071 5.673 0.91
17/1/19 0.25 -21.58328 64.03312 5.820 1.40
17/1/19 0.28 -21.58284 64.03132 5.674 0.98
17/1/19 2.55 -21.58666 64.03211 5.978 0.88
17/1/1913.32 | -21.58271 64.03322 5.434 0.92
18/1/19 9.46 -21.57786 64.03348 5.249 1.21
19/1/1915.43 | -21.56446 64.03160 5.433 1.62
22/1/19 2.19 -21.58693 64.03076 5.836 1.21
22/1/1910.29 | -21.58394 64.03302 5.910 1.28
22/1/19 10.41 -21.57933 64.03632 5.543 1.60

Table B.8 — Relative magnitude of Cluster 8
. . Relative

Date Longitude Latitude | Depth (km) Magnitude
23/12/18 3.05 | -21.35738 64.11119 3.600 -0.11
23/12/18 3.06 | -21.35739 64.11200 3.600 0.65
23/12/18 5.03 | -21.35428 64.11692 4.368 0.03

25/12/18 22.41 | -21.35897 64.10470 3.491 0.60
25/12/18 23.19 | -21.35585 64.11333 3.670 0.28
28/12/18 2.13 | -21.35739 64.11197 3.600 0.47

4/1/19 15.36 -21.35738 64.11183 3.600 0.67

8/1/19 0.38 -21.35207 64.11043 3.511 0.42

8/1/19 0.40 -21.35563 64.10967 3.338 -0.03
20/1/19 23.47 | -21.34911 64.10685 4.254 0.13
22/1/1910.33 | -21.35222 64.11112 4178 0.42
22/11910.35 | -21.35737 64.11042 3.529 0.19
22/1/1910.36 | -21.35737 64.11042 3.531 0.19
29/1/1916.26 | -21.36539 64.09663 3.266 1.30
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Appendix C. Data fitting and opt
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Figure C.2 — Observed and synthetic full waveform best fitting model of the mainshock for
DC (a). deviatoric (b) and full source models (c) in both frequency top part in a. b. c panels)
and time domain (bottom part in a. b. ¢ panels). All information is explained in figure C1.
Spectra of observed and synthetic traces for amplitude comparisons are added.
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Figure C.3 — Sequence plots for strike and rake parameters of master event occurred on
30 December 2018 (left side) and mainshock (right side) optimization. The color shows the
relative misfit: relatively high misfits are in cold blue colors and relatively low misfits in
red. The sequence of parameter values is either a function of optimization or of the misfit
from high to low. The values of parameter tend to converge at the same value with the
lower misfits.

Master event Mainshock

0 10000 20000 30000 40000 50000 0 10000 20000 30000 40000 50000
Tested model, sorted descending by global misfit value Tested model, sorted descending by global misfit value

Figure C.4 — Sorted misfit (descending) of single bootstrap chains. For each bootstrap
configuration. all models are sorted according to their misfit value (red lines) and their
global misfit value (black line). The best model of every bootstrap configuration (right end
model of red lines) is marked as a cross in the global misfit configuration. The horizontal
black lines indicate mean and +- standard deviation of the y-axis values (i.e. misfits) of
these crosses. If the bootstrap configurations converge to the same region in model space.
all crosses should be close to the right end of the plot.
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Appendix D. Test Davis and Frohlich (1993)
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