Focus Section: Big Data Problems in Seismology

Combined Large-N Seismic Arrays and DAS
Fiber Optic Cables across the Hengill
Geothermal Field, Iceland

Anne Obermann™", Pilar Sanchez-Pastor'®, Sin-Mei Wu'®, Christopher Wollin?“, Alan F. Baird?,
Marius Paul Isken’™, John Clinton'", Bettina P. Goertz-Allmann®“, Torsten Dahm?#*,

Andreas Wuestefeld®, Peidong Shi'"“, Federica Lanza'", Lea Gyger', Selina Wetter',

Vala Hjorleifsdottir’™, Nadege Langet®*™, Baldur Brynjarsson®, Philippe Jousset?, and

Stefan Wiemer'

Abstract

From June to August 2021, we deployed a dense seismic nodal network across the Hengill
geothermal area in southwest Iceland to image and characterize faults and high-temper-
ature zones at high resolution. The nodal network comprised 498 geophone nodes spread
across the northern Nesjavellir and southern Hverahlid geothermal fields and was com-
plemented by an existing permanent and temporary backbone seismic network of a total
of 44 short-period and broadband stations. In addition, we recorded distributed acoustic
sensing data along two fiber optic telecommunication cables near the Nesjavellir geother-
mal power plant with commercial interrogators. During the time of deployment, a vibro-
seis survey took place around the Nesjavellir power plant. Here, we describe the network
and the recorded datasets. Furthermore, we show some initial results that indicate a high
data quality and highlight the potential of the seismic records for various follow up stud-
ies, such as high-resolution event location to delineate faults and body- and surface-wave
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tomographies to image the subsurface velocity structure in great detail.

Introduction
Embarking on exploration and production for any subsurface
resource in nonharvested areas is an economic high-risk
endeavor, because there is only interpolated knowledge of the
subsurface. Precise physical measurements of, for instance,
resource abundance, permeability, and temperature are only
obtained after the expensive drilling of an exploration well.
The hydrocarbon industry has put much effort into reducing
this risk by: (1) understanding how their resource is created,
(2) imaging relevant geological parameters in the subsurface
(layers, faults, seismic velocities and amplitudes, gravity anoma-
lies, etc.), and (3) estimating the probability of a resource dis-
covery. Similar steps are followed in derisking geothermal
resource exploration and development. Significant advances
have been made by the geothermal industry on how to address
all three derisking factors, for different types of environments
(Lautze et al, 2017). In particular, in magmatic environments,
the physical conditions surrounding the heat source are poorly
understood. This deserves attention because magmatic-related
geothermal resources are arguably the most utilized type of
resource worldwide for power and thermal production. Some
of the largest installed geothermal electric capacities can be
found, among others, in the USA, Indonesia, Philippines,
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Turkey, and New Zealand (Rybach, 2014; Craig and Gavin,
2018). Recently, a new frontier for geothermal research has
come into focus; the potential use of supercritical fluids as super-
hot resources (e.g., Reinsch et al., 2017).

For shallow high-temperature systems, substantial experience
exists on geoscientific exploration for encountering high-tem-
perature fluids, for example, through geochemical analysis of
expelled geothermal fluids, and resistivity imaging of the subsur-
face. This improved understanding significantly lowers the asso-
ciated risks. However, it is much more difficult to estimate the
fluid recharge of the reservoir and its productivity, which

1. Swiss Seismological Service (SED), ETH Zurich, Zurich, Switzerland, @ https://orcid
.org/0000-0001-6933-6301 (AO); (@ https://orcid.org/0000-0002-1163-5488 (PS-P);

https://orcid.org/0000-0001-8330-471X (S-MW); @& https://orcid.org/0000-0001-
8626-2703 (JO); ( https:/orcid.org/0000-0001-5782-245X (PS); ( https://orcid.org/
0000-0002-8168-6766 (FL); ( https://orcid.org/0000-0002-4919-3283 (SW); 2. GFZ
German Research Centre for Geosciences, Potsdam, Germany, (& https://orcid.org/
0000-0002-3992-787X (CW);  https://orcid.org/0000-0003-2464-1630 (MPI);

https://orcid.org/0000-0001-6432-7422 (TD); 3. NORSAR, Kjeller, Norway,

https://orcid.org/0000-0002-1571-6373 (BPG-A); (& https://orcid.org/0000-0002-
3203-7604 (NL); 4. University of Potsdam, Institute of Geosciences, Potsdam,
Germany; 5. Reykjavik Energy (OR), Reykjavik, Iceland, @ https:/orcid.org/0000-
0003-3275-108X (VH)

*Corresponding author: anne.obermann@sed.ethz.ch

© Seismological Society of America

Seismological Research Letters 1

Downloaded from http://pubs.geoscienceworld.org/ssal/srl/article-pdf/doi/10.1785/0220220073/5651862/srl-2022073.1.pdf
bv Institute of Oceanoloav CAS ser


https://orcid.org/0000-0001-6933-6301
https://orcid.org/0000-0002-1163-5488
https://orcid.org/0000-0001-8330-471X
https://orcid.org/0000-0002-3992-787X
https://orcid.org/0000-0003-2464-1630
https://orcid.org/0000-0001-8626-2703
https://orcid.org/0000-0002-1571-6373
https://orcid.org/0000-0001-6432-7422
https://orcid.org/0000-0001-5782-245X
https://orcid.org/0000-0002-8168-6766
https://orcid.org/0000-0003-3275-108X
https://orcid.org/0000-0002-3203-7604
https://orcid.org/0000-0002-4919-3283
https://doi.org/10.1785/0220220073
https://doi.org/10.1785/0220220073
https://orcid.org/0000-0001-6933-6301
https://orcid.org/0000-0001-6933-6301
https://orcid.org/0000-0002-1163-5488
https://orcid.org/0000-0001-8330-471X
https://orcid.org/0000-0001-8626-2703
https://orcid.org/0000-0001-8626-2703
https://orcid.org/0000-0001-5782-245X
https://orcid.org/0000-0002-8168-6766
https://orcid.org/0000-0002-8168-6766
https://orcid.org/0000-0002-4919-3283
https://orcid.org/0000-0002-3992-787X
https://orcid.org/0000-0002-3992-787X
https://orcid.org/0000-0003-2464-1630
https://orcid.org/0000-0001-6432-7422
https://orcid.org/0000-0002-1571-6373
https://orcid.org/0000-0002-3203-7604
https://orcid.org/0000-0002-3203-7604
https://orcid.org/0000-0003-3275-108X
https://orcid.org/0000-0003-3275-108X

requires mapping out the permeability within the crust. Faults
with surface expressions are targeted for drilling, but few tools
are available for imaging faults in nonsedimentary settings, espe-
cially in volcanically active regions where young volcanic rocks
often obscure deeper structural features (Glen et al, 2017).
Exploring and producing from deeper and even higher-temper-
ature plays, in which extremely high-energy supercritical fluids
can be encountered expose an even higher economic and seismic
risk, but potentially present a much higher reward as the power
output from an individual well can be significantly higher. In
Iceland, a possible tenfold increase in energy output for a single
well was suggested utilizing high enthalpy systems (Fridleifsson
et al., 2015).

In such volcanic environments, geothermal exploration
is just at its start. It is not well understood how fluids and
permeability behave near the brittle-ductile transition zone
(BDTZ) and close to magmatic heat sources. Therefore, locat-
ing drilling targets near these regions poses a challenge.
Furthermore, because of the lack of efficient and proven explo-
ration tools for imaging small, deep structures in volcanic
environments or the crystalline crust, the geochemical and
geophysical signatures of deep high-temperature systems are
not well known. Finally, the type of fluids that will be encoun-
tered in such high-energy environments has not been estab-
lished, leaving the demanding material properties of the
piping unknown. In the next few years, the third deep well of
the Iceland Deep Drilling Project (IDDP-3) is planned at the
production field of Reykjavik energy, on the flanks of the
Hengill volcano. A successful demonstration of production
of super-hot fluid will likely spark an interest in deep, high-
energy geothermal production. Up to date, only a few drilling
projects were able to simultaneously reach and confirm pres-
sure and temperature of the geothermal fluid present higher
than its critical point, that is, the recent IDDP-2 well in
Reykjanes, Iceland (Elders et al, 2014), and the Venelle-2
drilling venture in the Larderello geothermal field, Italy
(Kruszewski and Wittig, 2018). Other projects found super-
hot resources, which were regarded for instance in Los
Humeros, Mexico as geothermal wells experiencing ambient
temperatures higher than 380°C (Jolie et al., 2020), and in
Newberry, South Carolina, as geothermal wells with temper-
atures higher than 400°C (Cladouhos et al., 2018).

Over the past decades, the Hengill geothermal area has been
studied with various geophysical methods, such as resistivity,
aeromagnetics, gravity, magnetotellurics, and seismic tomogra-
phy (e.g, Bjornsson et al, 1986; Tryggvason et al, 2002;
Arnason et al, 2010; Jousset et al., 2011; Gasperikova et al.,
2015; Sanchez-Pastor et al., 2021). Further studies on seismotec-
tonic processes in the region, the automated and real-time gen-
eration of earthquake catalogs (Grigoli et al, 2022), the
inversions for 3D Vj and Vg velocity models using local earth-
quakes, and the inversion for a high-resolution 3D Vg model
using the ambient seismic field (Sanchez-Pastor et al., 2021)
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were completed. In particular, the latter study showed interest-
ing local anomalies in seismic velocities in Hverahlid, close to
the most powerful boreholes in the region, and in
Mosfellsheidi, a so far unexplored region. The co-occurrence
of the low-velocity anomalies and the heat sources show the
great potential of ambient seismic noise methods as a comple-
mentary tool for the exploration of high-enthalpy geothermal
fields. Nevertheless, the aforementioned challenges have not
been satisfactorily answered, at the scale needed for geothermal
exploration. In this context, we set up a dense nodal seismic net-
work and a system of fiber optic cables across the Hengill geo-
thermal area, to tackle these subsurface exploration challenges
and image fault structures around the IDDP-3 target region at
high resolution. We expect the dense nodal array to allow for
high-resolution event localization delineating potential tabular
features associated with faults. Body- and surface-wave tomog-
raphies using these data will yield better spatial constraints on
the velocity anomalies in the top 4 km of the crust. We will gain
additional constraints on the subsurface processes from distrib-
uted acoustic sensing (DAS), 2D/3D subsurface modeling, and a
combination of seismic data with other geophysical measure-
ments, such as magnetic and gravity data.

Here, we present the unique seismic monitoring infrastruc-
ture that consists of broadband seismic stations, a dense nodal
array, and DAS interrogations along existing telecommunica-
tion lines crossing the Hengill geothermal field in the north.
We discuss the network layout, characteristics of the record-
ings, and show initial examples of waveforms that demonstrate
the potential of the large datasets.

The Hengill High-Enthalpy Geothermal
Area

The Hengill volcano is located at the triple junction of
the Reykjanes Peninsula Oblique Rift, the transform-type
South Icelandic Seismic Zone, and the West Volcanic
Zone, about 30 km east of Reykjavik (Fig. 1d). The region
is characterized by eruptive fissures and normal faults
(Seemundsson et al., 2020) forming a N30° striking fissure
swarm of around 40 km in length (brown lines, Fig. 1lc).
This area shows epochs of extensive rifting and subsidence
(Seemundsson, 1992). Dense intrusive rock formations are
typically present below 800 m depth and the intrusive boun-
daries, together with the major faults, make the area highly
permeable (Franzson et al., 2005).

The Hengill area is also characterized by elevated heat flow,
likely caused by the cooling of magma bodies (e.g., Foulger and
Toomey, 1989; Franzson et al, 2010). In this region, the depth
of the BDTZ is between 3 and 5 km. The high temperatures
and density of faults result in two main high-permeability
and high-temperature geothermal systems: Nesjavellir and
Hellisheidi. The location of their corresponding power plants
is represented with white diamonds in Figure 1. Both plants are
run by ON Power producing both electricity and hot water for
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Figure 1. Overview map of the seismic network installations
across the Hengill geothermal field. (a,b) Zoom into the location
of vibrotruck sweeps along the main road in Mosfellsheidi and
around the Nesjavellir power plant, respectively. (c) The per-
manent (OR, VI) and temporary (2C, YM nodal) seismic networks
in Hengill and the location of the telecommunication optical fiber
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in the north. The red triangle shows the location of the NJ-11

well. (d) The location of the Hengill area at the triple junction.
(e) Zoom into the southern nodal array in Hverahlid and locations
of some of the fields most powerful boreholes. The main roads
are shown as thin black lines. The color version of this figure is
available only in the electronic edition.
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district heating and other direct uses. The Nesjavellir
power plant (120 MWe, 350 MWth) is located to the northwest
of the Hengill volcano and the Hellisheidi power plant
(303 MWe, 210 MWth) is located to the southwest. In the com-
ing years, a deep well (>3.5 km) is planned in the Hengill area
as a part of the IDDP, with the aim of drilling into the roots of
geothermal fields and producing super-hot or even super-criti-
cal fluids. For an overview of the geophysical exploration that
has been performed over the past decades in Hengill, please
refer to Sanchez-Pastor et al. (2021).

Seismic Network Design

In the past years, the Hengill geothermal field has received
increasing attention as a study site for induced seismicity and
related mitigation concepts (e.g. Li et al., 2019; Hjorleifsdottir
et al., 2020; Rossi et al., 2020; Grigoli et al., 2022; Nooshiri et al.,
2022).

The backbone seismic network

From November 2018 to August 2021, the Swiss Seismological
Service (SED), in partnership with the Iceland Geosurvey
(ISOR), the German GeoForschungsZentrum (GFZ), the Dublin
Institute for Advanced Studies and Reykjavik Energy (OR), oper-
ated 23 seismic stations (10 STS2 120 s, 8 Lennartz 5 s, and 5
Giiralp6D 30 s) in the Hengill area (International Federation
of Digital Seismograph Networks [FDSN] network code 2C,
see Data and Resources, Fig. 1) with the focus to improve
and validate advanced technologies for monitoring and control-
ling induced seismicity (Geothermica project COntrol
SEISmicity and Manage Induced earthQuakes [COSEISMIQ]).
These stations complemented 10 permanent seismic stations
(Lennartz 1 s) from ISOR/On Power (FDSN network codes
OR, see Data and Resources), and eight nearby stations that
belong to the regional network of the Icelandic Meteorological
Office (seven Lennartz 5 s, one Lennartz 1 s, VI network).
During the operation period of the 2C network, about 6000
earthquakes with M >0.5 were recorded per year (Grigoli et al.,
2022). The 2C and OR stations operated with a sampling rate of
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Figure 2. (a—) Impressions of the field installations for the 2C
network and (d—f) the YM arrays. (a) Mast with wind turbine and
solar panels for power supply to the sensor and digitizer. (b) Vault
with seismic sensor at about 50 m distance from the mast.

(c) Concrete socket within vault. (d) Cube with external batteries.
(e) Seismic nodes. (f) Field installation of geophone and
Datacubes. (g) Vibro-truck used around the Nesjavellir power
plant. The color version of this figure is available only in the
electronic edition.

200 samples per second, whereas the VI network recorded at 100
samples per second.

Within the 2C network, each station installation was
powered by two solar panels and a wind turbine (Fig. 2a).
The wind turbine was installed around 50 m away from the
sensor to successfully avoid contaminating the seismic record-
ings with high-frequency noise. Real-time data transmission
was performed using WiFi or 4G cellular network. The rough
topography required the setup of additional signal enhancing
antennas. The seismic sensors were buried in vaults (around
50 cm deep) with a concrete socket and a thick layer of insu-
lation material to reduce the noise and protect the sensor from
temperatures changes (Fig. 2b,c). The depth and insulation
proved sufficient. However, there were several challenges
related to the harsh weather conditions in the Hengill area that
caused data gaps in particular during the winter months
(Grigoli et al., 2022). The difficulties to perfectly seal the cable
entrance to the vault resulted in several submerged stations, an
issue aggravated at sites, which were unfortunately located
where standing water gathered during periods of snow melt.
Lightning decimated the number of functional Taurus digi-
tizers (Nanometrics) dramatically. The replacement, newer
generation Centaur digitizers (Nanometrics), fared better with
the weather. Another challenge were strong winds that regu-
larly caused blown fuses at the wind generators. This problem
could be improved by removing every second blade.

The 2C network was designed around the main injection and
production fields and densified in areas where Reykjavik Energy
Volume XX« Number XX
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considered the drilling of new injection wells, to optimally
detect also tiny induced seismic events. With this setup, the
COSEISMIQ project goals to control seismicity and manage
induced earthquakes should be achieved. Although the abun-
dance of injection and production wells (see Data and
Resources) and the simultaneously ongoing operations turned
out too challenging for real-time seismic forecasting tools, the
network design and the various localized seismic clusters facili-
tated testing methodological advances of full-waveform based
methods for microseismic monitoring operations (Rossi et al.,
2020) and neural networks for rapid point-source inversion
(Nooshiri et al., 2022).

The nodal seismic network
From June to the beginning of August 2021, we deployed a
dense nodal network, consisting of a total of 498 stations.
About 207 stations were SmartSolos (IGU16 5 Hz 3C, see
Data and Resources) from the University of Geneva and 291
4.5 Hz 3C geophones with DataCubes from the Geophysical
Instrument Pool Potsdam (GIPP; Haberland and Ritter, 2016).
All stations operated offline with local storage. About 55
DataCubes had a sampling rate of 200 samples per second,
whereas the other 245 ran at 400 samples per second. For the
SmartSolos, the sampling rate was 500 samples per second. With
these settings, the internal battery of the SmartSolos lasted for
around 30 days. The DataCubes ran on two external batteries
(VARTA, 33Ah, 6V) and lasted for 2.5 months. The temporary
installation of all 498 seismic nodes was realized by 12 people
within five days. The network was designed to study velocity
anomalies and interesting seismic clusters that were observed
with the existing backbone network (Sanchez-Pastor et al,
2021). To the north of Hengill, we placed 376 nodes (NJ array)
and 119 nodes were located around the Hverahlid geo-
thermal field (HV array, Fig. 1c,e). The NJ array is oriented
perpendicular to the fissure swarm and it covers the areas from
Mosfellsheidi (Fig. 1lc, red square 1) to Hromundartindur in
the east crossing the Nesjavellir geothermal field (Fig. 1c, red
square 2). With the backbone network, a prominent seismic
cluster was detected in Mosfellsheidi lasting from late April
to early May 2021 (Duran, 2021). During this time, up to
336 events per day were detected at depths of 3 km, and a maxi-
mum magnitude of M, 3.7 was reached. This seismicity cannot
be related to geothermal harvesting operations (injection, pro-
duction) because there are no deep boreholes in the area.
Séanchez-Pastor et al. (2021) imaged a slow seismic velocity
anomaly coinciding with the location of seismic cluster,
although due to the seismic network geometry, this anomaly
could not be well constrained. We hence decided to densify
the nodal array in this region (Fig. 1a) with the aim to shed light
on the origin of the seismic cluster and a potential link to an
unknown high-temperature area.

In this NJ array, we also set up six nested triangular mini
arrays (green squares in Fig. 1c), in which the interstation
Volume XX« Number XX
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distance of the inner triangle is 65 m and the double for outer
triangle. These mini arrays are placed surrounding the
Mosfellsheidi seismic cluster and the instruments employed
are DataCubes recording at 400 Hz. The main purposes of
these mini arrays are to enhance the signal-to-noise ratio
(SNR) for earthquake location, beamforming of seismic noise
(e.g., Roux and Ben-Zion, 2017; Wang et al, 2020) and to
experiment with array-derived rotational ground-motion data
(Spudich and Fletcher, 2008; Stupazzini et al., 2009; Taylor
et al, 2021). The mini arrays will also be used to better
constrain a local seismic velocity anomaly observed in
Mostfellsheidi in previous studies (Sinchez-Pastor et al., 2021).

Near the Nesjavellir power plant is the well NJ-11 with a depth
or 2.2 km (Fig. 1b) that is among the highest temperature wells
in the Hengill volcanic complex (380°C at the bottom,
Staingrimsson, 1990). For the IDDP drilling, this area is of par-
ticular interest, because with such a temperature gradient, it can
be expected to find supercritical fluids at relatively shallow depth
of less than 3 km, compared with the estimated 5 km elsewhere in
the field (Fridleifsson et al., 2003). One explanation for this steep
gradient could be a shallow magma pocket (Sanchez-Pastor et al.,
2021). With body- and surface-wave imaging, we intend to find
an answer to this question. The interstation distance of the nodal
array is hence kept dense across Nesjavellir and increases toward
the border of the array, covering a total area of 20 km
perpendicular and 7 km parallel to the ridge striking. The NJ
array is composed of DataCubes and SmartSolos, which were
interspaced with the purpose of increasing the resolution during
the first month of recordings while also ensuring an optimal
array geometry once the SmartSolos ran out of power.

The HV array is located within the Hverahlid area, where
Sanchez-Pastor et al. (2021) imaged a low-velocity anomaly
that roughly coincides with the location of the most powerful
wells. This geothermal field is a subfield of the large Hellisheidi
geothermal field. The main purposes of this array are to image
this low-velocity anomaly, the origin of which might explain
the substantial energy production of the nearby boreholes, with
high resolution; and to study the seismicity in this area. The
location of the wellhead and trajectories of the boreholes
can be observed in Figure le. The HV array is exclusively
formed by SmartSolo geophones (Figs. le, 2e) because one
month of data is expected to be sufficient to reach the imaging
goal. The extent of the HV array in combination with the
COSEISMIQ networks includes ray paths of more than
20 km in several directions, which allows to image the top
4 km of the crust with good resolution.

We also densified the network with nodes in line with the
interrogated telecommunication lines and the passage of the
vibrotruck (Fig. 1a,b).

The DAS network
In addition to the conventional three-component seismic sen-
sors, we also recorded seismic data along two telecommunication
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fiber optic cables with two commercial DAS interrogators. The
two cables begin at the center of the survey area near to the
Nesjavellir geothermal power plant and run east- and westward,
respectively (Fig. la-c). Each fiber branch was continuously
interrogated from 10 June to 5 August and 17 June to 29
July, respectively.

The western cable has a data gap of seven days from 12 July.
Both cables are standard loose-tube single-mode telecommu-
nication fibers and are buried near the surface. The western
fiber branch follows paved and dirt roads in a cased conduit
over most of its trajectory (Ajo-Franklin et al, 2019). The
eastern fiber branch, has a metal-tube protection, is stabilized
by metal rods and was directly buried without housing in a
plowed trench (Ajo-Franklin et al., 2019). The cables share
a 600-meter-long common path segment. The eastern cable
has a length of 14 km and was interrogated with a Silixa
iDAS (version 2 [v.2]) with 10 m gauge length, 1 kHz sampling
rate, and 4 m channel spacing. The western cable is running
toward the city of Reykjavik and was interrogated with an
ANZA seismic network OptoDAS unit (Waagaard et al.,
2021) over a length of 35.8 km, with 10.2 m gauge length,
at 2 kHz. The channel spacing was 10 m on the first
5800 m, and 25 m channel spacing thereafter.

The channel spacing of 25, 10, and 4 m for the respective
interrogators was chosen as small as possible but was com-
promised mainly by the data rate and the necessity for
autonomous recording for the duration of the campaign.
As the OptoDAS unit allows disjoint fiber segments to be
interrogated at different spatial sampling periods, a denser
spacing was chosen for those near the target area where
the occurrence of microseismicity was expected. Thus, wave-
lengths associated to frequencies below approximately 10, 25,
and 70 Hz could be resolved spatially unaliased for a lower
bound apparent velocity of 1.2 km/s (Currenti et al,
2021). In total, approximately 30 TB and 24 TB of data
were acquired with the OptoDAS and iDAS interrogators,
respectively.

Sensor locations along the fiber’s previously known trajec-
tory were georeferenced with hammer blows to the surface at
approximately 500 m intervals. First arrivals on DAS channels
were associated with the respective geolocation. Geolocations
of intermediary channels were obtained through linear inter-
polation along the fiber’s trajectory. Loops of slack fiber in
previously identified manholes were spared by placing geore-
ferencing hammer blows at each side of the manhole. In
between manholes, we thus obtain geolocation uncertainties
in the order of the channel spacing.

Data Quality and Availability

Data access

Grigoli et al. (2022) document the dataset collected by the back-
bone network from December 2018 to August 2021. These data
are available on European Integrated Data Archive (EIDA;
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Strollo et al, 2021), using the virtual network COSEISMIQ
or directly under the FDSN network codes 2C (SED at ETH
Zurich, 2018), 4Q (Dahm et al., 2021), OR (Reykjavik Energy
[Iceland], 2016), and VI.

The nodal dataset is collected under the FDSN network
code YM (SED at ETH Zurich, 2021) and is curated by the
SED. The network information, with full metadata, can be
retrieved through EIDA facilities. The data will be made avail-
able after the end of the embargo period in January 2025 at this
same site.

DAS data will as well be made available at the project end.
We aim to make a subset of spatiotemporally decimated time
series publicly accessible via known seismological data reposi-
tories. However, in particular due to the data volume, a stand-
ardized format for the exchange of DAS data is still sought for
by the scientific community. In the meanwhile, access and
exchange of data can be organized upon request.

Consistent metadata
It is a challenge to produce consistent metadata for the nodal
arrays with almost 500 stations. The convention we adopted
for recording station coordinates was to take values recorded
by the internal Global Positioning System (GPS) receivers of
the nodes. Unfortunately, 20% of the stations did not record
the elevation properly, of which, 90% were DataCubes. It also
became apparent that the precision of the GPS derived eleva-
tions was poor. Consequently, we adopted elevations derived
from the digital elevation model (DEM) from the National
Land Survey of Iceland. For the DataCubes, there is an average
offset of around 8 m between the GPS elevations and DEM,; for
the SmartSolos, this difference is around 6 m. Another chal-
lenge is the consistent orientation of the stations in the field.
The nodal stations were consistently oriented toward magnetic
north. Hence, the station orientations are labeled as Z, 1, and 2,
and the azimuth of the horizontal channels includes the 12° of
magnetic declination so stations may be rotated to true north.
The installation teams used the same smartphone-based com-
passes and confirmed the orientation while setting up and
dismantling the stations. However, stations in the backbone
network have been installed and serviced by a variety of differ-
ent teams and the orientations were a mix of magnetic and
geographic (true) north.

To obtain the optimal correction azimuth for the backbone
and YM nodal stations, we analyze long-period surface waves
from strong teleseismic events. Specifically, we use 20 s period
wavefields of both Love and Rayleigh waves from the 29 July
2021 M 8.2 Alaska (USA) event, with an approximate 6250 km
great circle distance to the Hengill area. We cross correlate
the long-period wavefields centered around the surface-wave
arrival (i.e., 1750-2500 s after the origin time) against a refer-
ence station, STEKK, where we are confident about the instru-
ment installation and orientation toward true north. We rotate
the horizontal channels with a one-degree interval to find the
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optimal correction azimuth, which is determined when the
paired waveforms reach the highest correlation coefficient.

We found that the nodal stations have a consistent mean of
12° difference with regard to the magnetic declination but also
around a 10° standard deviation, likely related to the challenges
in deployment and uncertainty of measurement in the field
(Fig. 3). The optimal correction azimuths from the backbone
permanent network exhibit a larger discrepancy.

The resulting correction azimuth is integrated into the meta-
data. However, given the limitations of viable earthquakes during
the time of deployment, the method could only be performed on
the part of the network that was operating during the passage of
the earthquake, and the reported azimuth reflects the status of
the instrument at this, which is at the near end of the 2C network
operation, and after the closure of the YM-HV array.

Data completeness and quality

From the 498 YM nodal stations that were deployed, we could
retrieve data from 495 stations. Two SmartSolos were unread-
able and one station remained lost in the field. In addition,
three DataCubes have only very short recordings. The remain-
ing nodes recorded have complete recordings for one, or two
months, respectively (Fig. 4).

In Figure 5, we display the median power spectral densities
(PSDs) for each of the three components of the YM nodal stations
for the full experiment duration. We observe a similar instrument
Volume XX« Number XX
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Figure 3. (a) Long-period surface waves from the 29 July 2021
M 8.2 Alaska earthquake recorded at the reference station STEKK
(red) and the YM nodals (black). The dominant period is 20 s.
(b) Optimal correction azimuth (dots) for each of the available
backbone (2C, ON, VI) and YM-NJ stations based on the reference
station STEKK. The maximum correlation coefficient is color coded.
Statistical values are denoted at the upper-right corner, and the
distribution is shown on the left-hand-side histogram. The black-
and red-dashed lines indicate the orientation to true north and
magnetic north, respectively. COSEISMIQ, COntrol SEISmicity and
Manage Induced earthQuakes The color version of this figure is
available only in the electronic edition.

performance, especially below 1 Hz and at the 7 s microseism.
About 50 Hz noise is observed at some sites and the anti-aliasing
filter effects are visible. The PSDs show the very large variety in
the noise conditions between 2 and 50 Hz—up to three orders of
magnitude—that reflect very different site conditions.

In addition, we present week-long spectrograms from three
representative nodal sites; at a remote site (Fig. 6a), in vicinity
of a larger road (Fig. 6b) and close to a power plant with substan-
tial steam production (Fig. 6¢c). We record the 7 s microseism at
all sites, amplified in periods of turbulent weather. The M 8.2
Alaska earthquake on 29 July 2021 is clearly visible at lower
frequencies. At high frequencies (>8 Hz), the pipes around the
power plant dominate the recordings for close-by stations
(Fig. 6¢).
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Initial Observations

In this section, we show some initial observations that high-
light the potential of the dataset for various follow up studies.

Vibroseis experiment
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We had the opportunity to acquire an additional, high-frequency
dataset from an electrical seismic vibrator truck (Fig. 2g) around
the Nesjavellir power plant.

The vibroseis experiment was conducted in the form of two
surveys between 19 and 23 July 2021. The first survey (Fig. 1b)

8 Seismological Research Letters

Ju

J J

>
C
«Q
=
-
c

Aug Jun Jul Aug

Figure 4. Data completeness for the YM nodal and COSEISMIQ
networks. The data recordings from the DataCubes are shown
in black and from the SmartSolos in blue. Not existing stations
are shown with a light gray bar. The name of the array together
with the sensor numbers on the left side of the columns form
the station names for the nodal array. The colors for the
COSEISMIQ network indicate the different subnetworks
involved. The color version of this figure is available only in the
electronic edition.
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took place next to the Nesjavellir power plant with three shoot-
ing points close to the borehole NJ-11 (very high temperature
well) and 75 shooting points along a 2 km profile on the road
leading to the power plant. Several DataCubes sampling at
400 Hz were allocated to the survey with an interstation dis-
tance varying along the profile. Close to the borehole, the geo-
phones were evenly spaced with an interstation distance of
20 m. The main goal of this survey is to image the subsurface
around the NJ-11 borehole and obtain indications of potential
magma pockets.

The second survey took place along a road in the western
part of the Nesjavellir area, in Mosfellsheidi (Fig. 1a), where a
seismic cluster and low-velocity anomaly had been detected
(Sanchez-Pastor et al., 2021). The profile was approximately
3 km long and comprised 65 shooting points. About 17
DataCubes (400 Hz) were allocated to this survey with an
interstation distance of 200 m at 150 m from the road. The
main purpose of this survey is to image with high-resolution
velocity and attenuation structure at shallow depths of this
unexplored area.

The vibrotruck used for this experiment (see Data and
Resources) had a force of 10 kN. Each shooting point com-
prised seven sweeps with a duration of 15 s. The frequency
of the sweeps started a 2 Hz and was linearly increased up
to 100 Hz. A taper of 550 ms was applied at the beginning
and end of each sweep. Some tests were made on the first
day of the experiment using four DataCubes to define the best
configuration of the sweeps and ensure there was no
timing issue.

First data processing results show a challenging dataset due
to various reasons. First, active source experiments in mag-
matic environments are generally more difficult to handle
due to the high scattering and attenuation. This entails a
low SNR and truck sweeps can be hardly observed at more than
Volume XX« Number XX
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Frequency (Hz)
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Figure 5. Mean power spectral density for each seismic nodal
station. Different color codes are used for 200 Hz DataCubes
(blue), 400 Hz DataCubes (orange), and 500 Hz SmartSolos
(green). Shown are from left to right the two horizontal com-
ponents 1 and 2 and the vertical component. The U.S. Geological
Survey (USGS) low- and high-noise models (Peterson, 1993) are
indicated with the black lines. The color version of this figure is
available only in the electronic edition.

1 km distance (Fig. 7c). The high local seismicity complicates
the identification of the truck signal in the seismic records.
Some of these issues could have been addressed by increasing
the number of geophones along the road, the power of the
truck, and the number of sweeps per point.

Toward a seismic event catalog

For the backbone COSEISMIQ network, Grigoli et al. (2022)
produced a set of automated absolute and relative seismic cata-
logues using the SeisComP3 software (Hanka et al., 2010). For
the dense YM array, using standard tools such as SeisComP3, it
is challenging to build a similar seismic catalog that can make
optimal use of very short interstation spacing that provides pre-
cise earthquake locations with a far lower completeness magni-
tude. Reasons include very short interevent times that require
optimization of pickers as well as pick and origin associators.
Event magnitude estimates also need to be adopted to account
for the very small events. Instead, we process the collected con-
tinuous seismic data with an automatic event detection and loca-
tion workflow (MAchine Learning aided earthquake MIgration
location [MALMI], Shi et al., 2022) to obtain a seismic catalog.
In this workflow, a pretrained machine learning (ML) model
(EQTransformer, Mousavi et al., 2020) is first used to efficiently
process the seismic data and predict the continuous P- and S-
phase probabilities. Without the need for phase picking and
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association, seismic events are then detected based on the pre-
dicted phase probabilities of the array with their time range
propagating across the array being simultaneously determined
(Fig. 8a). We use all available stations, including the backbone
seismic stations (2C, OR, and VI) and the nodal stations (NJ and
HV arrays), to detect and locate seismic events occurring in the
Hengill region. To also detect microseismic events, which might
be only detectable at a few stations close to the source, a fairly
low detection threshold is adopted, that is, eight stations with a
P- or S-phase probabilities larger than 0.05. Following the event
detection step, backprojection is subsequently used to stack the
phase probabilities of the detected events, remove false detec-
tions, and obtain event location and origin time (Fig. 8b-d).
Combining ML and waveform migration techniques allows
us to efficiently produce a reliable automatic catalog while low-
ering the magnitude of completeness of the catalog. This catalog
will constitute the baseline for further seismological analysis.

10 Seismological Research Letters

Figure 6. Spectrograms of seismic nodal data from 24 to 30 July
2021 recorded (a) at a remote site (NJ107), (b) by a major road
(NJ172), and (c) by the Nesjavellir power plant (NJ160). The color
version of this figure is available only in the electronic edition.

Different types of seismic signals

In Figure 7, we show different event classes that can be
observed on the YM nodal data. In Figure 7a, we show a typical
local seismic event with a magnitude of M,, 2.4 that occurred
on 23 July 2021. Such an event can be observed over the entire
array and has over 260 detections of clear P and S phassaases
(the HV array was already dismantled). During the time of
deployment, a Meteoroid was recorded passing by the nearby
Thingvellir national park on 2 July 2021 (Fig. 7b). The presence
of the dense array offers the unique opportunity to test differ-
ent Meteoroid source models and theoretical directivity effects.
- 2022
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Figure 7. Different event classes observed on nodal data: (a) exemplary local seismic event with
M,, 2.4, (b) acoustic signal of a Meteoroid in the adjacent Thingvellir national park, (c) exemplary
vibrotruck sweep, (d) well explosion close to the Nesjavellir power plant (see Fig. 7d), (e) 2021

M 8.2 Alaska earthquake as observed on the vertical component of a nodal (black, NJ027) and
adjacent broadband station (red, OLF42), and (f) 2021 M 8.2 Alaska earthquake as observed on the
radial component of the nodal (black), broadband (red), and distributed acoustic sensing (DAS)
(blue). The color version of this figure is available only in the electronic edition.
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In Figure 7c, we show a typical
Vibro-truck sweep close to the
Nesjavellir power plant. These
data are expected to shed light
on the source of the powerful
wells in the region. On 14
June 2021, a well in vicinity of
the Nesjavellir power plant
exploded (Fig. 7d). With help
of the dense array and coda-
wave interferometry, we want
to investigate whether there
were observable indications
for the well instability. Very
interesting is also the recording
of the 28 July 2021 M 8.2 Alaska
earthquake on the seismic
arrays (Fig. 7e,f). The compari-
son of a nodal and adjacent
broadband station shows the
capacity of the nodes to accu-
rately record low-frequency sig-
nals (20 s) (Fig. 7e). In addition,
the DAS recordings match very
well with the radial component
of the seismic stations, espe-
cially in the lower frequency
range (Fig. 7f). For this com-
parison, we used the horizontal
components of the seismic sta-
tions, corrected their azimuth
for orientation, and rotated
them to the radial component
of the DAS cable. The nodal
data have a quite good perfor-
mance except for the >50 s
energy 1500 s arrival time.
Figure 9 shows the DAS
recordings of both fibers of
the previously discussed local
M, 2.4 event (Fig. 7a). Clear
P- and S-wave onsets can be
observed throughout the trajec-
tories of both fibers. A substan-
tially elevated noise floor can be
observed where the fibers pass
near Nesjavellir power plant,
that is, near the location of
the DAS unit interrogating the
eastern fiber (Fig. 9a, green tri-
angle). The elevated noise floor
at the beginning and end of the
eastern fiber is likely due to the
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urban agglomerations crossed in these areas. Besides the body-
wave onsets, a significant variation of the amplitudes of neigh-
boring fiber segments can be observed throughout both trajec-
tories too. Several reasons could be responsible for this. Most
obviously, the coupling of the fibers with the ground may differ
depending on the peculiarities of the installation of a fiber
stretch (Ajo-Franklin et al, 2019; Currenti et al, 2021).
Further, the strain response depends on the slowness of the
incoming wavefront and thus also on the fiber’s orientation
(Jousset et al., 2018; Lindsey et al., 2020). However, the system-
atically elevated amplitude levels in the Mosfellsheidi area
(Fig. la) approximately between 7 and 10 km of the western
fiber may also be caused by the here observed low-velocity
anomaly (Sanchez-Pastor et al, 2021). Some fiber segments
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Figure 8. A microseismic event that has been detected and located
by the MAchine Learning aided earthquake Migration location
(MALMI) workflow. (a) Normalized vertical-component waveforms
(2-50 Hz) at part of the YM nodal stations with the machine
learning predicted P- (red line) and S-phase (blue line) probabilities
overlaid upon the waveforms. Migration profiles corresponding to
this event are shown in (b) the northeast profile, (c) the east-depth
profile, and (d) the north-depth profile, respectively. The color
version of this figure is available only in the electronic edition.

respond to the earthquake with reverberations seen as long
tailed coda waves, for instance at 11 km of the eastern fiber.
This may indicate local site effects or the fibers’ crossing of fault
zones where low-velocity layers trap the seismic energy (Hillers
Number XX+ —2022
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et al, 2014; Jousset et al, 2018). However, the cause of this
observation is still subject of investigation.

Noise cross correlations

To perform noise-based body- and surface-wave tomographies,
the quality of the cross correlations is very important. In
Figure 10a, we show the example of a cross-correlation function
computed from data between June and July 2021 recorded by
the virtual source station at HV-121 (white star, Fig. 10b) and
the receiver stations (open circles, Fig. 10b) across the network.
The following processing is applied: The continuous recording
at each station is prefiltered (Butterworth low-pass filter at
10 Hz), decimated to 20 samples per second, deconvolved from
the instrument response, and split into 20 min segments. For
each of the time segments, we cross correlate the vertical com-
ponent between station pairs (i.e., ZZ) across the array after
spectral whitening. To avoid spurious signals, potentially from
earthquakes and traffic, we exclude 20% of the time segments
that have larger maximum amplitude for the process. Finally,
we normalize each cross correlation based on its maximum
amplitude and linearly stack all time segments.

The surface waves in the ambient noise correlations exhibit
good signal quality (Fig. 10a). Using a virtual source station
near the southern end of the network, the cross correlations
show coherent Rayleigh waves moveout across the study area
and demonstrate a strongly asymmetrical pattern (Fig. 10a). A
clear low-velocity anomaly near Mosfellsheidi can be seen from
the delayed Rayleigh-wave arrivals (Fig. 10b), consistent with
the previously observed low shear-wave velocity structure
using the sparse backbone network (Sanchez-Pastor et al.,
2021). An explanation for the low velocity is that the surface
geology in most of this area is covered by interlacing layers of

14 Seismological Research Letters
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Figure 10. Cross-correlation functions of (a) 2 s waveform and
(b) its mapped amplitude at 13 s lag time across the study area.
The exact value is plotted at each of the stations (open circles)
and the background is interpolated. The source station (HV121)
is marked with a white star. The dashed contours represent the
distance to the source station with an interval of 10 km. The
amplitude is color coded showing a clear wavefront propagating
through the northern YM-NJ array. The color version of this
figure is available only in the electronic edition.

hyaloclastites and fresh lavas with an abundance of open pores.
The asymmetry indicates the presence of a dominant noise
source environment from the microseisms south of Iceland.
We selected the cross-correlation function of two stations
belonging to the NJ and HV arrays, separated by 27.9 km
(Fig. 11a) and computed the group velocities of the Rayleigh
waves (Fig. 11b). The dispersion curve was computed following
Schimmel et al. (2017) and exhibits frequency range of 1-5 s
with sufficient energy for a clear dispersion curve extraction
and hence imaging applications. This frequency range and
the quality of the dispersion curve are largely consistent with
the observations from the backbone network using 1.5 yr of
data (Sanchez-Pastor et al., 2021).

Conclusion and Outlook
We present the seismic networks (backbone, YM nodal, and
fiber optic systems) that were operating across the Hengill geo-
thermal field in summer 2021. Around 498 seismic stations
were temporarily set up on top of regions of particular interest
around the Nesjavellir geothermal field in the north that
showed swarm activity and low-seismic velocity anomalies
in previous studies, and on top of the Hveralid geothermal
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. the scientific impact, shedding
light at the detection, and
imaging of fault zones and

areas hosting potentially super-
critical fluids at unprecedented
resolution.
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Figure 11. (a) Causal part of the cross correlation of HV121 and NJ0O10. The stations are separated
by 28 km. (b) Wavespeed period representation of (a). The color version of this figure is available

only in the electronic edition.

Data and Resources
The nodal dataset is collected under
the International Federation of
Digital ~ Seismograph Networks
(FDSN) network code YM (Swiss
Seismological Service [SED] at
ETH Zurich, 2021) and is curated
by the SED. The network informa-
tion, with full metadata, is discover-
able on European Integrated Data
Archive (EIDA; http://eida-
federator.ethz.ch/fdsnws/station/1/
query?net=YM&format=text&

level=station&nodata=404).  The
data are currently restricted and
will be made available after the
project end in January 2025 at this
same site. Distributed acoustic
sensing (DAS) data will as well

subfield in the south, where some of the most powerful pro-
duction wells are located. This is by far the largest seismic net-
work, by number of seismometers, installed in Iceland to date.
The good SNR of the data presented here is exemplary of the
high quality of the collected dataset. The ongoing research is
twofold. We will apply classical microseismic techniques (e.g.,
event detection and location) and enhance and apply innova-
tive methods for imaging in complex basaltic and granitic envi-
ronments with few or no strong reflectors. This includes
tomographic methods such as noise-based interferometry
and attenuation tomography.

These methodological improvements will enable us to
detect and map structures (i.e., damage zones with enhanced
permeability, high-temperature areas) with unprecedented res-
olution. In addition, b-value imaging will provide further
insights into the fault structures. We will also estimate source
parameters such as stress drop and compare these to inverted
parameters, such as Poisson’s ratio and Q. The systematic
variation of these combined parameters will provide insight
into fluid migration patterns within the reservoir and may
be indicative of supercritical fluids, which could be of signifi-
cant economic value in these magmatic geothermal plays.
Modeling will be used to analyze the effect of different over-
burden structures on the image quality of the target area, for
example, different basalt layers changing in shape and size. The
use of the datasets in these more detailed studies will increase
Volume XX« Number XX
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be made available at the project

end. We aim to make a subset of
spatiotemporally decimated time series publicly accessible via known
seismological data repositories. However, in particular due to the data
volume, a standardized format for the exchange of DAS data is still
sought for by the scientific community. In the meanwhile, access
and exchange of raw data can be organized upon request. The infor-
mation about COntrol SEISmicity and Manage Induced earthQuakes
(COSEISMIQ 2C) is available at 10.12686/sed/networks/2c. The infor-
mation about OR - Reykjavik Energy is available at 10.7914/SN/OR.
The Orkustofnun’s map viewer is available at https://map.is/os/#.
The information about SmartSolo is available at https://smartsolo.
com. The information about Seismic Mechatronics is available at
https://seismic-mechatronics.com/. All websites were last accessed in
June 2022.
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