:' frontiers ‘ Frontiers in Earth Science

‘ @ Check for updates

OPEN ACCESS

EDITED BY

Nicola Alessandro Pino,

National Institute of Geophysics and
Volcanology (INGV), Italy

REVIEWED BY

Christine Powell,

University of Memphis, United States
Simona Gabrielli,

Istituto Nazionale di Geofisica e
Vulcanologia (INGV), Italy

Pasquale De Gori,

Istituto Nazionale di Geofisica e
Vulcanologia (INGV), Italy

*CORRESPONDENCE
Anne Obermann,
anne.obermann@sed.ethz.ch

SPECIALTY SECTION

This article was submitted to
Solid Earth Geophysics,

a section of the journal
Frontiers in Earth Science

RECEIVED 15 June 2022
accepTeD 01 November 2022
PUBLISHED 20 December 2022

CITATION

Obermann A, Wu S-M, Agustsdottir T,
Duran A, Diehl T, Sdnchez-Pastor P,
Kristjansdottir S, Hjorleifsdottir V,
Wiemer S and Hersir GP (2022),
Seismicity and 3-D body-wave velocity
models across the Hengill geothermal
area, SW Iceland.

Front. Earth Sci. 10:969836.

doi: 10.3389/feart.2022.969836

COPYRIGHT

© 2022 Obermann, Wu, Agustsdottir,
Duran, Diehl, Sdnchez-Pastor,
Kristjansdottir, Hjorleifsdottir, Wiemer
and Hersir. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Earth Science

Tvpe Original Research
PUBLISHED 20 December 2022
pol 10.3389/feart.2022.969836

Seismicity and 3-D body-wave
velocity models across the
Hengill geothermal area, SW
Iceland

Anne Obermann®*, Sin-Mei Wu?, Thorbjérg Agustsdottir?,
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Sigridur Kristjansdottir?3, Vala Hjorleifsdottir?, Stefan Wiemer?
and Gylfi Pall Hersir®

Swiss Seismological Service ETH Zurich, Zurich, Switzerland, ?[SOR Iceland GeoSurvey Reykjavik,
Reykjavik, Iceland, *IMO Icelandic Meteorological Office, Reykjavik, Iceland, “Reykjavik Energy (OR),
Reykjavik, Iceland, °Retired, Reykjavik, Iceland

We image shallow crustal structures and analyze seismicity patterns in the
Hengill high-enthalpy geothermal area in SW Iceland, exploiting a temporary
densification of the seismic network 2018 to 2020. Using a subset of
6,300 high-quality manually picked P- and S-phases, we compute a
minimum 1-D model for the region. Our results suggest that the most
consistent and accurate hypocenter locations are derived from a joint
inversion of P and S arrival times for the Hengill area. We demonstrate that
this minimum 1-D model in combination with SeisComP detection and location
algorithms can be used to produce fully-automated yet high-quality
earthquake catalogs. Our analysis established that both the induced and
natural seismicity in the Hengill area occurs in several distinct, spatially
constrained clusters. In production and injection areas, the depth of the
clusters is at about 2 km, near the bottom of the production and injection
wells. These are most likely triggered by the injection and induced by the
production, respectively. Outside of these clusters, the seismicity is generally
deeper, with the depth of the deepest seismicity indicating the brittle-ductile
transition zone. This zone is encountered at about 4 km near the center of the
Hengill volcanic area and deepens with increasing distance from its volcanic
center, to about 7 km in the southernmost region. A spatial analysis of b-values
shows slightly increased values in areas with numerous injection wells and
slightly decreased values in production areas. Three-dimensional crustal
imaging of Vp, Vs, Vp/Vs shows a SE-NW trending fast velocity that extends,
at 1-3km depth between the extinct Grensdalur volcanic center and the
presently active Hengill volcanic center. The fastest velocities are found in
the NW corner of the Grensdalur volcanic center coinciding with a gravity high
and probably reflecting dense solidified magmatic intrusion(s). This trend
coincides with traces of geothermal surface manifestations, a shallow lying
low resistivity anomaly and an aero-magnetic low. All these anomalies are
caused by high temperature at some point in the geological history of the area
and are most likely due to migration of the crustal accretion and volcanic activity
between the two volcanic centers. Below-average Vp/Vs ratios at similar depth,
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coincide with the main production field. We suggest that this anomaly is caused
by the extensive fluid extraction, which lowers the pore-pressure in the field and
consequently increases the steam dominated zone, leading to lower Vp/Vs
ratios. Most of the earthquakes are within the Vp/Vs low and at the boundary of
the high and low Vp/Vs anomalies, which might indicate a region of good

permeability.
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1 Introduction

The Hengill volcano and associated geothermal fields cover
110km* and are Iceland’s largest utilized high-enthalpy
geothermal area. Three known volcanic systems are in the
area (Figure 1A), each composed of a central volcano and
intersecting fault swarm characterized by hyaloclastite ridges.
The Hengill system is the youngest one, intersected by a swarm of
young crater rows, fissures and faults. The Hveragerdi or
Grensdalur central volcano and the Hrémundartindur system
are underlain by solidifying magma chambers within the crust
which maintain the geothermal fields (Seemundsson, 1967;
Arnason et al., 1986, 1987). The Hengill area is located about
30 km east of Reykjavik (Figure 1B), at the triple junction of three
segments of the N-America-Eurasia plate boundary: The
Western Volcanic Zone (WVZ), the South Icelandic Seismic
Zone (SISZ), and the Reykjanes Peninsula Oblique Rift (RP)
(Figure 1C). This location results in the regional abundance of
seismic, volcanic and geothermal activity. The seismicity is
grouped into several clusters dispersed over the whole Hengill
area, with both natural and induced seismicity observed. Seismic
activity was very high from 1994-1999 likely due to a magmatic
intrusion (Sigmundsson et al., 1997; Feigl et al., 2000; Pedersen
et al,, 2007). Even though seismicity in the area remains high, it
has not reached comparable rates since the 90s.

Surface expressions of the geothermal activity are observed in
the form of hydrothermal alterations, hot springs and fumaroles
(red dots, Figure 1). The first extensive surface exploration
studies in Hengill were performed in 1947-1949, followed by
drilling eight deep wells in Hveragerdi, the extinct and exhumed
volcanic center to the southeast of Hengill (also referred to as
Grensdalur). Geological mapping was carried out in the 1960s
(Seemundsson, 1967). Later various surface exploration studies
were carried out by the National Energy Authority of Iceland,
Reykjavik Energy, University of Iceland and individuals
including geochemistry, geology, resistivity, gravity, aero-
magnetics, hydrology and seismic studies (Bjornsson and
Hersir, 1981; Bjornsson et al., 1986; Hersir et al, 1990 and
references therein). Extensive surface exploration studies in
the northeast part of Hengill, the Nesjavellir and Olkelduhals
high-temperature sub-areas

were performed in

1985-1986 including detailed geological mapping, gravity and
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resistivity measurements (Arnason et al, 1986, 1987). More
recently 3D inversion of MT resistivity data has been
published (Arnason et al., 2010; Benediktsdéttir et al., 2021).

Currently, the two largest power plants in Iceland, and some
of the biggest in the world (Paulillo et al., 2019) are operated in
the Hengill area by ON Power, a subsidiary of OR-Reykjavik
Energy: The Nesjavellir plant to the north (120 MWe, 350 MWt)
commissioned in 1990 and the Hellisheidi plant to the southwest
of the volcano (303 MWe, 210 MWt), commissioned in 2006
(yellow stars on Figure 1A). Very powerful wells have been
drilled in the Hverahlid area, indicating reservoir temperature
in the range of 270-320°C and an enthalpy between 1,350 and
1700 kJ/kg (Biru, 2020).

Over the past decades, the Hengill volcanic complex has been
studied with different geophysical methods. A Bouguer gravity
map and an aeromagnetic map have been published and
interpreted qualitatively (Bjornsson et al.,, 1986; Hersir et al.,
1990). GPS and satellite images have been used to observe surface
deformation related to pressure changes in geothermal reservoirs
(e.g., Budzinska, 2014; Juncu et al., 2017; Ducrocq et al., 2021).
Surface faults are defined from field mapping and aerial
photographs (e.g., Saemundsson, 1992; Clifton et al, 2002;
Seemundsson et al., 2016). Resistivity methods have identified
a shallow up-doming low resistivity layer, in the uppermost 1 km
of the crust, related to smectite; a low temperature hydrothermal
alteration mineral forming at 100-230°C (Arnason et al., 1986,
1987; Hersir et al., 1990; Arnason et al., 2010; Benediktsdottir
et al., 2021). Beneath this conductive clay cap, a high-resistivity
core is associated with high-temperature alteration minerals
(chlorite, epidote; formed at temperature >230°C). A deep
conductive layer is observed in most, but not all, of the area
(Arnason et al., 2010; Benediktsdoéttir et al., 2021). The layer is
shallow under and around the Hengill volcano (~3km),
stretching to the southeast. The anomaly is about 3.5 km wide
and correlates well with a relatively positive residual Bouguer
gravity anomaly reflecting high density at depth (Hersir et al,
1990). The deep conductor is believed to be due to hot solidified
intrusions, related to the heat sources for the geothermal system
above (Arnason et al., 2010).

Several local earthquake tomography studies have been
performed in this region (Foulger, 1984; Foulger and Toomey,
1989; Toomey and Foulger, 1989; Foulger and Miller 1995; Miller
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FIGURE 1

(A) The Hengill high-temperature geothermal area including the location of all names that appear in this paper overlaid on a topographic

map. Seismic stations from the permanent OR (blue) and VI (green) networks and the temporary 2C network (orange) are shown as inverted triangles.
White triangles are late deployed 2C stations that are not included in the tomographic analysis. Red dots are fumaroles; regions with surface
geothermal alteration are shown in yellow (Seemundsson et al., 2016). Black dotted lines mark the three volcanic centers (Arnason et al., 1986).
Fault and fractures are shown in grey (Seemundsson et al., 2016), roads as black lines and yellow stars are the power plants at Hellisheidi (south) and
Nesjavellir (north). The inset figures show (B) a zoom into the study area giving an overview of the extended seismic network and in (C) the location of
the study area in the Hengill volcanic complex (red rectangle) at the triple junction of the Western Volcanic Zone (WVZ), the South Icelandic Seismic

Zone (SISZ), and the Reykjanes Peninsula Oblique Rift (RP).

et al., 1998; Tryggvason et al., 2002; Jousset et al., 2011; Wagner,
2019), revealing the main structures of the volcanic complex.
These studies found positive Vp and Vs anomalies and low Vp/
Vs ratios beneath the central volcanoes at shallow depth (around
0-2 km), interpreted as solidified magmatic intrusions. Close to
the surface, high Vp and low Vp/Vs anomalies correlate well with
geothermal surface manifestation such as steaming ground, hot
and boiling springs, hydrothermal clay alteration at different
temperatures, and travertine deposits (Wagner, 2019).
Tryggvason et al., 2002 additionally found large low velocity
anomalies at 4-10 km depth below the Hengill volcanic center
(for both P- and S-waves) - interpreted as the presence of
supercritical fluid, meteoric water and fluids of magmatic
origin within a heavily fractured volcanic fissure system (not
due to partial melt as the reduction of P-wave velocity is larger
than for the S-waves). They are confident that no magma
chamber exists in the Hengill area according to their data. A
different explanation could be the presence of steam
(Husen et al., 2004). However, the resolution of these studies
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does not allow to unambiguously determine the shape of the
intrusions. Furthermore, Tryggvason et al., 2002 did not observe
the low Vp/Vs ratio that could indicate supercritical water (for
pure water T > 374°C at about 221 bar pressure) until at 3-4 km
depth. Borehole measurements show 200-300°C (subcritical) at
1-2km depth. A joint interpretation of seismic velocity
anomalies, Vp/Vs ratios, gravity and resistivity anomalies hint
at the existence of hot, solidified intrusions at around 3 km depth
that are the heat source for the geothermal system (Arnason et al.,
2010; Jousset et al., 2011).

From October 2018 to July 2021, the permanent seismic
network in the Hengill area consisting of 15 stations was
temporarily densified with 23 additional seismic stations, as
part of the EU funded project COntrol SEISmicity and
Manage Induced earthQuakes (COSEISMIQ, http://www.
coseismiq.ethz.ch/en/home/). During this period, a total of
38 stations were operating in the Hengill area. In this study,
we first estimate the absolute 1-D and 3-D P- and S-wave velocity
models of the area, using the local seismic network of the
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FIGURE 2

(A) Seismic network and seismicity across the Hengill high-temperature geothermal area. From December 2018 to January 2021, about

15,640 earthquakes were reported by ISOR (gray circles), forming several clusters. The thin gray lines in the SW-NE direction represent fissures
(Seemundsson et al., 2016) and the orange lines delineate the main roads. The red events are used to compute the travel-time tomography. The white
lines mark the three major volcanic centers. Richter local magnitude (M,) distribution of the ISOR (B) and SED-HQ (C) catalogs. The lines
indicate the b-value(s) that result from the distribution. The [SOR catalog shows a bias of M, for events <1.0 introduced by the strong microseisms

that can be mitigated with an additional band-pass filter (C).

COSEISMIQ project by computing a local

tomography.

earthquake

We observe a strong impact of the strong ocean-generated
microseisms on magnitude estimations for events with
M;<1.0 and propose a correction procedure. Then, we
implement the 1-D velocity models and the improved
magnitude estimation in a state-of-the-art automatic detection
and location procedure (Grigoli et al, 2022), to provide a
consistent catalog of the seismicity in the Hengill region. This
procedure results in accurate absolute and high-precision relative
hypocenter locations. We jointly interpret the subsurface velocity
structure and the spatio-temporal distribution of seismicity and
associated b-values across the Hengill area. Finally, we compare
our results with other published geophysical data sets in the area.

2 The Hengill volcano and associated
geothermal fields

2.1 Geology

The youngest volcanic system in the Hengill region is the
Hengill volcanic system (803 m a.s.l). It is dissected by an array of
fissures and normal faults crossing with a strike of N30°E
(Seemundsson, 1992), reaching into Lake Pingvallavatn to the
north, see Figure 1. It last erupted around 5,000 and 2,000 years
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ago (Seemundsson, 1967) and consists of several small shield
the  Hengill
Hrémundartindur (540 m a.sl.) is a small volcanic system

volcanoes  occupying fissure  swarm.
located south of Lake Pingvallavatn and immediately east of
the Hengill volcanic system (Figure 1A). Hrémundartindur was
last active about 11,000 years ago, and displays vigorous
geothermal activity at the Olkelduhdls geothermal field
(Arnason et al., 1987). Grensdalur (497 m a.s.), furthest to the
southeast, is the oldest of the three volcanic systems in the
Hengill region and was last active during the Pleistocene
(Seemundsson, 1967).

The Hengill region is characterized by highly fractured
0.12Myr to 11,500 yr

(Seemundsson et al, 2016) and relatively shallow cooling

basaltic rocks dating from
magmatic intrusions, which are the energy source of its
geothermal activity. In the central part of the region
(around -21.4°W, 64.03°N), basaltic and intermediate lavas
range 11,000 to 11,500 years. the
(around—21.1°'W, 64.05°N) there are basaltic and intermediate
hyaloclastite, pillow lava and associated sediments with an older
age, dating to 0.12-0.8 Myr (Seemundsson et al, 2016).

Hyaloclastite formed during glacial times at Hrémundartindur

from In northeast

and Hengill volcanoes are in large part uneroded (Seemundsson,
1967). The triple junction of RP, WVZ, and SISZ, where the
Hengill volcano is located, promotes the rise of magma pulses
and associated heat, resulting in local temperatures of up to 200°C
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at 500 m depth and 320°C at 1 km depth (Franzson et al., 2010),
falling within the range of high-temperature geothermal systems,
according to the definition of Bodvarsson et al., 1999.

2.2 Seismicity

The Hengill area is also characterized by elevated seismic and
geothermal activity. Episodes of increased seismic activity were
observed 1952-1955, culminating in a magnitude 5.5 earthquake
in 1955, and in 1994-1999 (Rognvaldsson et al., 1998; Feigl et al.,
2000). The activity in the 1990s was recorded on the newly
installed national seismic network (SIL) (Stefansson et al., 1993;
Bodvarsson et al., 1999; Jakobsdéttir, 2008). From 1994-1999 the
activity was mainly concentrated around the Hrémundartindur
region (Figure 1) but increased activity was also observed in
Olfus, about 15 km to the south of Hrémundartindur, and on
faults in between the two. The seismicity outlined several fault
lines striking NNE-SSW and ENE-WSW (Vogfjord et al., 2012;
Li et al, 2019; Parameswaran et al., 2020). Some earthquakes
were also recorded in Huasmuli (HI), Nesjavellir (H4) and
Hverahlid (H2). The seismic episode in the 90s was likely
triggered by a minor magmatic intrusion at 7 km depth, just
south of the Hromundartindur volcano (Feigl et al., 2000;
Pedersen et al., 2007). An older seismic survey carried out in
the summer of 1981, revealed a pattern of seismicity also
concentrated around Hromundartindur (Foulger, 1984). In
addition, Foulger (1984) also observed smaller swarms of
activity south of Skalafell in Olfus, Nesjavellir, Hverahlid and
Mosfellsheidi. This survey reveals that already prior to the
harnessing of geothermal energy, which extensively started in
the nineties, the seismicity tends to occur in clusters. This is one
of the characteristic features of the seismicity in the Hengill area,
observed in e.g. Foulger and Toomey. (1989), Agustsson and
Halldo6rsson (2005).

From 2010-2020 the Icelandic Meteorological Office
recorded on average 2,300 per
magnitudes up to 4.6, with a rough completeness of 0.5.

events year, spanning

3 Earthquake data and methodology
3.1 Seismic network

The permanent seismic network in the Hengill area consists
of 10 stations operated by the Iceland GeoSurvey (ISOR) for ON
Power (FDSN network code OR, 10.7914/SN/OR), and 5 stations
from the countrywide hazard monitoring network of the
Icelandic Meteorological Office (IMO) (FDSN network code
VI). The ON/ISOR stations are 1 Hz short period instruments
(Lennartz LE-3DliteMKIIl) and the IMO stations are 5 s Lennartz
LE-3D. From October 2018 to July 2021, the permanent seismic
network in the Hengill area was temporarily densified with
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additional 23 mainly broadband stations (Figure 1B, ten 120's
STS-2, five 30s Guralp 6D and eight 5s Lennartz LE-3D
FSDN network 2C, 10.12686/sed/
networks/2c). The sensors were deployed according to ISOR

seismometers; code
standards and placed in insulated barrels with a cement base at a
depth of about 50 cm. The seismic data were transmitted in real-
Each
telecommunication mast holding two solar panels and a

time. site was equipped with a power and
windmill at 50 m distance from the vault. The majority of
stations operated with a sampling rate of 200 sps, with a
handful at 100 sps (VI network). The COSEISMIQ network is
described in more detail in Grigoli et al.,, 2022 and Obermann

et al., 2022.

3.2 Event detection and location
algorithms

In order to create an automatically generated but quality
event catalog we used the SeisComP approach of Grigoli et al.
(2022). The association of automatically picked phases and
corresponding event detection is performed with the
waveform-based SeisComP module SCANLOC (e.g., Grigoli
et al., 2018), while a refined absolute location is derived with
the SCRELOC module as described by Grigoli et al. (2022). This
module makes use of the probabilistic NonLinLoc location
2000, 2014),
minimum 1-D velocity models (e.g., Kissling, 1988; Kissling

algorithm (Lomax et al, combined with
et al,, 1994). A challenge in the case of automated catalogs is
to identify poor locations, intense earthquake swarms or even
false detections. A quality score was therefore designed for the
automatic catalog that combines multiple key parameters of the
event origin, such as the azimuthal gap; the number of P- and
S-phases, the distribution of arrival-time residuals and the origin
RMS (see Grigoli et al., 2022 for details). To further improve the
precision of the automatic locations, we add as a post-processing
step, a double-difference relocation of the entire automatic
catalog as described by Grigoli et al. (2022). Our final catalog
is the High-Quality (HQ) automatic catalog fulfilling the high-
quality criteria (SED-HQ catalog; RMS <0.09s, azimuthal
gap <180°, number observations per event >10 and an event
quality score >-1, Grigoli et al,, 2022).

We then compare the performance of the HQ catalog with
the routinely computed catalog from ISOR (Figure 2A). [SOR
uses a standard pick-based SeisComP monitoring system for the
automatic detection and location of earthquakes in real time. All
automatic locations are subsequently manually revised. With the
manual revision, ISOR cleans the catalog of erroneous triggers
and detections. Double-difference locations are not performed,
unless requested by OR. Within the COSEISMIQ project, the
existing ON/ISOR automated monitoring system was improved
and fine-tuned for the local seismicity in the Hengill area in a
similar way as Grigoli et al, 2022. In early 2020, ISOR
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TABLE 1 Pick-quality weighting scheme and number of manual picks used for the computation of the minimum 1-D and 3-D velocity models,

respectively, of the Hengill geothermal field.

Class type Error + (s) Weight (per cent) Pg - phases Sg - phases
Class 0 0.0125 100 2,416 26
Class 1 0.025 50 865 424
Class 2 0.05 25 401 1,207
Class 3 0.1 12.5 89 620
Class 4 >0.2 0.0 2 61
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FIGURE 3

(A) Minimum 1-D P- and S-wave velocity models computed for the manually picked catalog. The individually inverted P-and S-wave models

(Ping @and Sing) are shown together with the simultaneously inverted models (P+S) and the regional 1-D model that is used for routine locations by
ISOR (Tryggvason et al. (2002)). (B) Vp/Vs ratio for the P+S model. (C) Focal-depth distributions derived from the simultaneous P+S inversion. Travel-
time residuals for the relocation of an arbitrary event (17.06.2020 — 02:55:25, 1.4 M) in the Hengill region, using the model of Tryggvason et al.
(2002), (D) the independent P;.q and S;,q models (E) and the P+S models from joint inversion (F).

implemented the SCANLOC profile of Grigoli et al. (2022), for
improved event detection. Since the termination of the
COSEISMIQ  project ISOR has further tuned and
developed their internal monitoring system for each of their
geothermal areas, for example with unique SCANLOC profiles
for each area.

During October 2018-January 2021 ISOR reported a total of
15,640 events in the Hengill region (Figure 2A), 87 of them with
local magnitudes (M) larger than 2.0. Our automatic detection
and location procedure found 12,423 events, out of which about
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8,704 fulfilled the high-quality criteria and 134 have M, larger
than 2.0.

3.3 Consistent micro-seismic magnitude
estimation

Iceland is surrounded by strong atmospheric and oceanic
activity resulting in strong ground oscillations in the period of
0.05-12 s (Friedrich et al., 1998; Gudmundsson et al., 2007;
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delay is scaled by 1/1.75 (the inverse of the average Vp/Vs ratio). The geological map in the background was modified from Seemundsson et al., 2016.

McNamara and Boaz, 2019; Obermann and Hillers, 2019;
2020). of these
microseisms partly overlaps with the Wood-Anderson pass-

Rossi et al, The frequency range
band and can, therefore, bias the Richter M estimates. In
particular, for micro-seismic events smaller than My ~1.0, the
energy content of the noise is larger than the event itself (see
e.g., Grigoli et al., 2022), leading to an overestimation of the
local magnitude (Figure 2B), especially using broadband
instruments. In such cases, an additional high-frequency
pass filter (5 Hz cut-off) can mitigate the effect. However,
for larger magnitude events (M above ~3.0) such static high-
pass filter would lead to an underestimation of the magnitude,
as a considerable amount of the event’s energy is cut off. We
achieved a good compromise in our SeisComP automatic
processing scheme by implementing a cosine taper between
the min/max frequencies of 2-50 Hz in addition to the Wood-
Anderson filter. This taper has a similar effect as a fourth order
Butterworth band-pass BP filter. In Figure 2B,C, we compare
the magnitudes for our HQ and the ISOR catalog and clearly
see that the application of this additional filter eliminates the
artificial kink present in the ISOR catalog for Mg
~1.0 earthquakes, resulting in a consistent magnitude scale.
In June 2019, ISOR updated their magnitude calculation
scheme, and since then, their calculations are comparable
to IMO and Grigoli et al. (2022). It should be noted that
most ISOR instruments are short period, and therefore not as
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sensitive to the microseism as broad-band instruments. For
ISOR, it is important to have a M scale comparable to the
IMO for hazard monitoring, therefore a narrow high-pass
filter of 1 Hz was chosen, which introduces the kink to the

frequency-magnitude distribution.

3.4 High-quality subset of manually picked
events

We manually picked arrival times of a spatially well distributed
subset of 130 events detected by our automatic monitoring system,
between November 2018 and July 2020 (Figure 2A, red circles) that
included all earthquakes with ML >1.5 reported in the ISOR
catalog during this period. Arrivals of these events could be
observed at the majority of the seismic stations and are,
The
uncertainties assigned to all manually picked arrival times were
categorized into five quality classes as defined in Table 1. All
manually-picked events were then located with the regional 1-D
model from Tryggvason et al. (2002) that updated the SIL model
from Bjarnason et al., 1987. The same regional 1-D model is also

therefore, essential for the tomographic inversion.

used for routine location procedures of ISOR (Figure 2A, gray
circles).

The magnitudes of the manually-picked events were
recomputed consistently using the two-sided cosine-taper
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as described in Section 3.3. We obtained 3,773 Pg-phases
(130 events with an average picking error of +0.02s) and
2,338 Sg-phases (99 events, average picking error of + 0.06 s)
in the magnitude range of 0-3.0 M;. The events of this
manually picked subset have an azimuthal gap <180° and
at least eight observations and were used to compute 1-D and
3-D velocity models for accurate relocation of seismicity and
structural interpretation. For the P + S inversions, we
selected events with clear P and S-phases, which reduced
the dataset to 91 events (3,003 Pg-phases and 2,212 Sg-
phases).
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3.5 Minimum 1-D Vp and Vs models

From the high-quality manual catalog, we compute
minimum 1-D Vp and Vs models (Figure 3) using the
VELEST software (Kissling et al, 1994, 1995), an inversion
code that simultaneously accounts for the 3-D hypocentral
parameters, the 1-D velocity structure and associated station
delays. The models represent the 1-D average velocity structure
of the region, as sampled by the ray-paths. Individual station
delays relate to site-specific deviations from the 1-D average.
These 1-D models are then used to relocate the entire HQ
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earthquake catalog and as an initial model for the 3-D local
earthquake tomography.

As a reference site, we chose a broadband station with a low
power-spectral-density (PSD) noise level and a large number of
arrival-time picks in the center of the network (station JAK25,
green triangle in Figure 4, Grigoli et al,, 2022). The initial model
for the Vp inversion, is the regional 1-D V, model from
Tryggvason et al. (2002) (Figure 3). The initial Vs model is
obtained from our final minimum 1-D Vp model using a
constant Vp/Vs ratio of 1.78 that was determined by
Tryggvason et al, 2002 and Wagner., 2019 for the larger
region. Sanchez-Pastor et al. (2020) obtained a lower ratio of
1.73 for the top 5 km of the central Hengill region constraining
Vs. Here, we opted for the Tryggvason et al., 2002 ratio, since
their Vp/Vs model was computed for larger depths. Trials with
the lower ratio for the top 5km show very similar results,
confirming the stability of the inversions.

After an independent inversion for P and S-wave velocities
(Figure 3A, Ping, Sina)> we jointly inverted the hypocenter-velocity
for P- and S-wave parameters (Figure 3A, P+S). The inversions
converged after at most 4 iterations to the final minimum P-wave and
S-wave velocity models, with an RMS of 0.025s and 0.047s,
respectively.

The final minimum 1-D velocity model represents a rather
simple 1-D structure with near-surface velocities of about 3.8 km/s
followed by a gradual increase in velocity to 7 km/s at 4 km depth for
P-waves. S-wave velocities near the surface are about 2.0 km/s
followed by a gradual increase in velocity to 4km/s at 4 km
depth. The velocities deeper than 4km are almost constant,
reaching 7.5km/s and 42km/s at 14km depth, respectively.
However, there is no resolution at depths >7 km due to the lack
of earthquakes (Figure 3C). For the P+S model, we also show the
resulting Vp/Vs ratio (Figure 3B) and the focal-depth distribution
(Figure 3C). The Vp/Vs ratio is about 2.0 in the top 1 km. From
1 km down to 7 km, it varies between 1.7 and 1.78, and then is
around 1.8 at greater depth (Figure 3B). The average Vp/Vs ratio is
1.75. We consider layers containing earthquakes or earthquake
head-waves as well constrained, which corresponds to a depth
range of about 1-6 km for this data set.

As summarized, for instance, by Diehl et al. (2021), different
strategies (ie., independent versus joint inversion of P and S data) exist
to derive suitable Vp and Vs models for hypocenter determination.
To evaluate the quality of the hypocenters derived from the different
1-D velocity models, we compare the arrival-time residuals after event
relocation for an exemplary event. In Figure 3D-F, we show the
residuals resulting from using the Tryggvason et al, 2002 model
(Figure 3D), the Pyg, Sina (Figure 3E) and the P+S 1-D models
(Figure 3F) for locating an My, 1.4 event that occurred in the center of
the network on 17 June 2020.

The lowest location RMS (0.034 s) is achieved using the 1-D
models resulting from the joint inversion of P and S arrivals
(P+S). Using the individual P;,q and S;,q models results in an
excellent fit of the P-phases, however, the S-residuals show a
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systematic offset, indicating that the two independent models are
likely not compatible when combined in a joint hypocenter
relocation. The 1-D Vp model from Tryggvason et al. (2002)
in combination with a constant Vp/Vs ratio result in an RMS of
0.063 s for this event, as well as a systematic offset for the S-phase
residuals. We hence prefer the minimum 1-D models derived
from the joint inversion (P+S) and use them for the discussion of
station delays (Section 3.6), as initial models for the 3-D local
earthquake tomography (Section 3.7) and as input for the
automatic seismic catalog (Section 3.8).

3.6 Station-delay times

Figure 4 shows the station delays associated with the
minimum 1-D P- and S-wave velocity model (P+S) overlaid
on a geological map of the Hengill geothermal area and
surroundings (Seemundsson et al., 2016), including first-order
geological units. Station delays accommodate deviations from the
1-D model due to 3-D structure with respect to a reference
station that is defined as zero (e.g., Kissling, 1988) and can be
indicative of lateral variations of the near-surface geology.
Negative delays (blue circles) occur in regions with higher
velocities compared to the reference station and positive
delays (red crosses) indicate lower velocities.

In Figure 4, the station delays vary from -0.06 s to 0.09 s for
P-waves and from —0.29 s to 1.3 s for S-waves. Half of the sites
have small station delays with respect to the estimated picking
uncertainty (Pg-phases: 87% events within class 1, <0.025s;
S-phases, 70% events within class 2, <0.05s) and are hence
close to the noise of our data and are, therefore, not interpreted.

The larger positive delay times observed for P-phases in the
central and southwestern regions tend to coincide with Holocene
basaltic and intermediate lavas. Negative delay times also show
some correlation with older, consolidated basaltic and
intermediate hyaloclastites and pillow lavas dating back to the
Middle and Upper Pleistocene.

The S-wave station delays show a similar pattern
although the delays are larger and a tendency towards
negative values is present. To make the comparison easier,
we scale the size of the S symbols by 1/(Vp/Vs) in Figure 4,
with Vp/Vs=1.75 being the average ratio of the 1-D
inversion. The southwestern region shows positive delay
times, which agrees with results of an ambient noise
Rayleigh-wave tomography of the area that indicates
reduced shear-wave velocity anomalies South of Central
Hengill (Sanchez-Pastor et al., 2020).

3.7 Local earthquake tomography

To obtain the 3-D velocity structure of the subsurface, we
applied the tomographic inversion code SIMULPS14 (Eberhart-
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RDE>0.7.

Phillips, 1993; Thurber, 1993; Evans and Eberhart-Phillips, 1994)
to the well constrained seismic events from the manually-picked
catalog. We decided to perform the inversion with this restricted,
yet representative high-quality catalog, rather than using the less
well constrained full dataset obtained from the automatic picker.
SIMULPS14 inverts simultaneously for the earthquake source
location and the subsurface velocity structure, using a linearized,
iterative, damped least-squares approach (Thurber, 1993). We
performed three sets of inversions. We used the P-phases fora Vp
inversion, and used the S-phases for separate Vs inversion. The
Vp/Vs results were then derived from an inversion for Vp+Vp/
Vs (Thurber, 1993). The resultant Vp models are equivalent and
are hence not discussed separately (compare Figures 5A-C and
Supplementary Figure S1).

We used a horizontal grid spacing of 3x3 km and vertical grid
spacing of 2 km and approximated the velocity gradient from the
1-D P+S model to the 3-D grid, for the 1-D Vp and 1-D Vs models
respectively. The input Vp/Vs ratio model has a constant value of
1.78 for all depths. Following the approach of Eberhart-Phillips
(1986) and Diehl et al. (2009), we performed a series of inversions,
to establish the trade-off curve between data variance and model
complexity with damping values ranging from 1 to 1,000. Based on
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the weighted RMS and the data variance, we chose a damping value
of eight for all inversions that correspond to the strongest kink in
the trade-off curve (Supplementary Figure S2) obtained after three
iterations. Since the trade-off curves are similar, we chose these
values for all sets of inversions (Vp, Vs and Vp/Vs).

To evaluate the resolution and robustness of our
tomographic results, we compute the derivative weight sum
(DWS) and the model resolution via the resolution diagonal
elements (RDE) at different depths (e.g, Humphreys and
Clayton, 1988; Husen et al., 2000) (Supplementary Figure S3).
The DWS is a weighted measure of the total ray length through a
cell in the inversion grid; the RDE is an indicator of the
independence between model parameters. A region with
uniform and relatively high DWS and RDE values is
considered well resolved in the tomography inversion (e.g.,
Toomey and Foulger, 1989; Kissling et al, 2001). The
definition of appropriate absolute cut-off values of these
parameters, however, requires calibration with synthetic
resolution tests. We performed two such synthetic tests. A
first one in form of checkerboard tests (Supplementary Figure
$4) and a second one by introducing +10% Vp velocity anomalies
at two depth levels into an otherwise homogeneous velocity
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(A) Double-difference relocated HQ earthquake catalog of the Hengill region from December 2018 to August 2021. The event's color indicates

the focal depth. The seismicity occurs in clusters that we label as H1-H5 in the injection areas (Husmuli, Grauhnukar, Sleggja, Lakahnukar, Innstidalur)
and S1-S3 in the production areas (Hverahlis, Nesjavellir, Hellisheidi). Clusters C1-C3 (Mosfellsheidi, Hromundartindur, Olfus-Bakki) are outside the
main production areas, where fewer boreholes are located. (B—I) Vertical distribution of seismicity along E-W direction and b-values for each
cluster.
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model (Supplementary Figure S5). The checkerboard tests
with 5% Vs and Vp velocity anomalies, respectively, extend
laterally over 4 grid points, with a depth extent of +0.5 km
around the indicated value. For both velocities, the tests
indicate a good resolution (extent and amplitude of the
anomalies) in the central region. Vertical smearing is present
at shallow depth (Supplementary Figure S6).

The second synthetic test uses a “characteristic model” (see
Haslinger et al. (1999) and Husen et al. (2000)), i.e., a model
which shows similar characteristics of the real data but with
slightly changed geometry and signs to be sure that inversion
does not result in the same local minimum as for the real data. At
0-1 km depth, we introduced an elongated high velocity anomaly
and a perpendicular low velocity anomaly. At 3-5 km depth, we
introduced an additional high and low velocity anomaly. The
inversion shows that the structures at 0 and 4 km depth are fairly
well recovered in regions associated with RDE values >0.07 (areas
outlined by black lines in Supplementary Figure S5B), while we
observed leakage of the positive velocity anomaly at 3-5km
depth to shallower depth (2 km) (Supplementary Figure S5B).

As described by Dichl et al. (2021), absolute RDE values
depend on cell size and damping parameters and, therefore, even
low values of 0.07 can provide reasonable resolution
(Supplementary Figure S3). Our results indicate good to
fairly-good resolution in the center of the Hengill area for the
uppermost 4 km of the crust, for both the Vp and Vs models
(Figure 5). This corresponds to the depth range, where most of
the seismicity occurs (Figure 6). The resolution towards the
borders of the Hengill region is limited.

The results of the travel-time inversion are presented as
horizontal slices at 0, 2 and 4 km depth (Figure 5) for P and
S-wave velocities and the Vp/Vs ratio. Each of these layers is
sensitive to a depth range of +1 km. The velocities are shown in
percentage with respect to the initial minimum 1-D reference
velocities (Figure 3A) at their corresponding depths.

The thin black lines show velocity contour lines. Dashed lines
outline the central volcanoes: Hengill, Hroémundartindur and
Grensdalur. Crosses (red) and circles (blue) in a) and d)
correspond to station-delay times of the minimum 1-D model
for Vp and Vs, respectively (Figure 4). Black circles indicate
seismicity according to the automatic HQ catalog located within
the indicated depth ranges. The yellow and white lines mark the
major roads that are important for orientation. The thick line
marks the well-resolved areas with an RDE>0.7.

For the layer at 0 km, we overlay the P-wave and S-wave
station delays (Figure 5A,D). Positive P-wave station delays are
located in low-velocity areas such as in Hverahlid, Grauhnukar
and north of Mt. Hrémundartindur. Negative delays can be seen
in areas characterized by high velocities, for instance, at Mt.
Hengill. At this shallow depth, the spatial distribution of the Vp
and Vs anomalies is very similar, even though they were
computed from independent data-sets, and their values vary
in the range of -5 to +15%. The Vp/Vs ratio results show a region
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of below average Vp/Vs ratios (1.74-1.78) striking perpendicular
to the rift, from the NE corner of Grensdalur to the Hengill
volcanic system (Figure 5G).

At 2km depth, we can observe Vp (Figure 5B) and Vs
(Figure 5E) anomalies of around +8%, striking perpendicular
to the rift, the strongest anomaly is circular and located in the NE
corner of Grensdalur central volcano. Along the rift, between the
power plants the Vp/Vs ratio is low to average, with the lowest
ratio s of 1.74 located at the main well field, NE of Hellisheidi
power plant. A similar pattern is observed at greater depths
(Figures 5CF) with relatively high Vp and Vs anomalies
perpendicular to the rift. At these depths, the below-average
Vp/Vs ratios are present along the rift with values of around 1.74
(Figures 5H,I), more pronounced with greater depth.

In Figure 6, we present three vertical cross-sections through
the Vp/Vs model, their location is shown on Figure 6A. Vertical
cross-sections along the same paths for the Vp and Vs model are
shown in Supplementary Figure S6. Cross-section AA’ is aligned
along the fissure swarm and lies close to both power plants.
Profile BB’ is perpendicular to AA’ and passes through the
Husmuli basalt shield and Sleggja reinjection field. Profile CC’
is parallel to BB’, and passes the Hellisheidi power plant. Cross-
sections AA” and CC’ correspond to cross-sections chosen by
Sanchez-Pastor et al. (2020) for their Rayleigh-wave tomography.
We observe a region of low Vp/Vs ratios in the central fissure
swarm region of the Hengill area at the main production area that
shows a rough 45° eastward inclination with depth (Figure 6B).
Regions of high Vp/Vs are observed around the Nesjavellir power
plant, reaching down to 1 km depth (Figure 6B). To both sides of
the fissure swarms at the height of the Hellisheidi power plant, we
observe high Vp/Vs ratios that extend down to 3 km depth
(Figures 6C,D).

It is noteworthy that most of the earthquakes seem to line up
at the intersection of the high and low Vp/Vs anomalies on all
three profiles. The majority of the earthquakes are found where
the Vp/Vs is lower than 1.82. Below the surroundings of the
Hellisheidi power plant, they form a vertical lineament,
indicating structural changes in the subsurface (Figures 6C,D).
Furthermore, the Vp/Vs high in cross-section CC’ and BB’
correlate quite well with a low resistivity body at 1-3 km
depth (Arnason et al., 2010).

3.8 Double difference relocation of HQ
events

In Figure 7, we show the double-difference relocated HQ
earthquake catalog of the Hengill region from October 2018 to
August 2021.

The double difference catalog was created using the new
SeisComP module, rtDD (Scarabello, 2021; see also Grigoli
et al.,, 2022). This new double-difference location module
allows both real-time and offline data processing. In this
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TABLE 2 Cluster sizes, Mc and b-values for each selected cluster in the
Hengill area as shown in Figure 7.

Cluster No. Events M. b—value
Hengill field 6,849 0.2 0.89+/-0.01
Cl 729 0.2 1.04+/-0.04
2 1,125 0.1 0.96+/-0.03
c3 190 0.4 0.98+/-0.08
HI (all) 1,656 0.4 0.88+/-0.02
HI (<1.5 km) 46 0.3 1.12+/-0.18
HI1 (>1.5 km) 1,625 0.4 0.88+/-0.02
H2 338 03 1.06+/-0.06
H3 209 0.4 1.21+/-0.08
S1 781 0.2 0.86+/-0.03
S2 (all) 407 0.3 0.93+/-0.04
$2 (<2.5 km) 122 0.3 0.97+/-0.08
$2 (>2.5 km) 223 0.4 0.90+/-0.06

study, we used the offline mode, which is similar to the
original hypoDD method of Waldhauser and Ellsworth
(2000) and applied the multi-event,
relative relocation to the 8,700 events from the HQ catalog.

double-difference
We wused differential times calculated from absolute,
automatic arrival-time picks as well as differential times
derived from waveform cross-correlation. The waveform
the
control of differential times follow the procedure described

cross-correlation method and subsequent quality
in Diehl et al. (2017). Seismograms were resampled with a
sample interval of 1 ms and band passed in the frequency
range of 5-25 HZ using a fourth-order filter. The waveform
cross-correlation was performed for P- and S-phases The
maximum inter-event distance during the initial selection
of event pairs was 5km. The velocity model used for the
relative relocation is the minimum 1-D model shown in
Figure 3A,B. Apart from 10 events, all events of the HQ
catalog were successfully relocated. The median of the
absolute differential-time residuals improves from an initial
35ms-14 ms after the double-difference

clustering is

inversion. The
the
relocation procedure and several earthquake lineaments can

significantly enhanced by relative-
be identified in map view and depth cross-section in Figure 7.
It should be noted that the current version of the module still
lacks estimates of formal relative location uncertainties.
There are several active areas, with little seismicity in between
them. Based on the earthquake distribution and the location of
the production and injection areas, we group the seismicity into
eight clusters shown in the bottom of Figure 7, as well as in the
map view (Figure 7A). We label the clusters in the injection areas
as H1-H3 (Hasmuli, Grauhntkar, Sleggja) and production areas
as S1-S2 (Hverahlid, Nesjavellir). Clusters C1-C3 (Mosfellsheidi,
Olfus-Bakki) the
production areas where fewer boreholes are located. The

Hréomundartindur, are outside main
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squares H4-H5 (Lakahnukar, Innstidalur) mark the locations
of two injection fields that do not show elevated seismicity.
S3 marks the area of the main production field of the
Hellisheidi power plant. In the Supplementary Figure S7 we
show the earthquake rates and cumulative event numbers. Based
on these figures, we briefly describe the harnessing activities and
seismicity in each of the boxes.

3.8.1 Injection areas

Out of the five injection areas in operation for the Hellisheidi
power plant, only three, Husmuli (H1), Grauhnuikar (H2), and the
in-field injection area Sleggja (H3) show substantially elevated
seismicity rates. The other two; Lakahnuikar (H4) and Innstidalur
(H5) show relatively little seismicity. Injection rates are variable over
time, with about 200-3001/s going to each of Grduhnukar and
Hasmuli, 0-200 I/s to Innstidalur, 0-200 /s to in-field injection and
80-120I/s to Lakahntkar. There is only one deep injection well of
2 km in operation for the Nesjavellir power plant, receiving around
60-801/s and no change in seismicity has been observed after the
start of injection in late 2018 (https://map.is/os/#). Nesjavellir is,
therefore, treated as a production area for our purposes, although
there is ongoing deep injection as well.

Cluster HI - Husmuli. The H1- Hasmuli injection field was
commissioned in fall 2011. Immediately the seismic activity
increased drastically, and although it has much diminished
since the first year of injection, it has remained relatively high
since.

Injection wells are deviated towards the north and west, with
injection occurring at depths between 800-2000 m, targeting
prominent normal faults. The seismicity clusters north of the
wellheads, above and towards the north of the main feed zones.
The seismicity distribution is divided into a shallow region
(<1.5km) and deep region between 1.5-4km depth, reaching
depths of 6km in a handful of cases. A zone of updoming is
observed in the seismicity in the area between the injection wells and
the production wells. Cluster H1 has by far the highest earthquake
rate (Supplementary Figure S7) with over 4,000 events during the
study period, or around 50 events daily on average, although most of
them occur in intense swarms. The largest swarms occured in
2020 and 2021 with over 200 events per day.

Cluster H2- Grduhniikar: The original injection area for the
Hellisheidi power plant was commissioned in 2006. The
seismicity rate has slowly increased since the commission, but
the seismicity rates are still much lower than those at Hasmuli
(H1), despite the injection rates into the two areas being similar.
The seismicity in H2 displays a single cluster mainly located at
1-4 km depth. The activity is highly temporally clustered, with
the most active swarm having almost 40 events registered in a day
(Supplementary Figure S7). Some deeper seismicity is located on
fissures SW of the main cluster, and is probably related to
volcano-tectonic activity in that region.

Cluster H3 - Sleggja. Intermittent injection occurs within the
production field, into wells previously used for production. The
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FIGURE 8

Map of the Hengill geothermal area. Color-coded is to the left (A); the minimum magnitude of completeness, Mc, estimated from the MQ
catalog to nodes of a grid spaced 0.2 km apart. To the right (B); b-value map using the same events. Roads are shown as brown lines and yellow stars
mark the power plants at Hellisheidi (south) and Nesjavellir (north). Gray dotted lines mark the three volcanic centers (Arnason et al., 1986).

injection is highly variable, with values ranging from 0-2001/s
into this area. This injection has generated a cluster of shallow
seismicity, with depths ranging from 1-2 km (Figure 7).

3.8.2 Production areas

The main production area for the Hellisheidi power plant
(S3) has very little induced seismicity associated with it. However,
there is substantial seismicity in both the secondary geothermal
field of the Hellisheidi power plant, Hverahlid (S1), as well as in
the Nesjavellir geothermal field (S2).

Cluster SI - Hverahlio The area was seismically active in the
unrest related to the magma intrusion in 1994-1999 but
remained relatively quiet until production started in the
Hverahlid geothermal field in 2016. Since then, seismicity has
persisted in the field. The seismicity is confined to one cluster at
0.5-2.5 km depth, mostly concentrated at 1.5-2.0 km depth, and
does not follow any clear lineations. Notably, the seismicity is
relatively uniform in time, with the highest daily count reaching
15 events.

Cluster S2 - Nesjavellir In the southern part of the production
area for the Nesjavellir power plant there is a cluster of
distributed seismicity at depths between 1-2.5km. Further
towards the northeast, the seismicity appears to line up on a
north-northeast striking and northwest dipping plane, extending
from about 3-6 km. The seismicity rate is relatively constant with
5-10 events per day on average, with the exception of occasional
swarms. The largest swarm of the study period occurred in April
2020, with almost 80 events in a single day.
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3.8.3 Non-harnessed geothermal areas

The location of the active Hengill volcano at a triple junction,
makes it a center of natural seismic activity. The seismicity focuses on
several areas, some more persistent, whereas others change over time.
During the recording of the COSEISMIQ network, several areas had
substantial seismicity. Here we focus on the three main clusters.

Cluster CI - Mosfellsheidi To the west of Nesjavellir, out on
the Mosfellsheidi plains, the seismicity rate was relatively high
during the survey period, considering that the area is not within
the volcanic fissure swarm. In early 2021 there was a period of
very elevated activity (Supplementary Figure S7). The seismicity
is limited to 4-6 km depth and appears to align on several faults,
striking either NE or NNW. We note that these orientations are
rotated about 30° anticlockwise to the most common strike-slip
fractures in the Hengill fissure swarm, and they do therefore not
coincide with the orientation of the volcanic fissure swarms.

Cluster C2 - Hromundartindur To the east of Hengill, in the
volcanic center Hromundartindur and Olkelduhéls, an area of
extensive surface activity, the seismicity occurs in multiple small
clusters. The clusters occur at depths from 1-6 km, with most of
the activity below 3 km. The seismicity rate is rather stable with
around 5 events daily on average, with small swarms occurring
regularly. The seismicity rate in C2, as well as in CI, is higher
than in the harnessed areas H2-H4.

Cluster C3 - Olfus-Bakki: Is a low-temperature geothermal
area (100-120°C) that produces hot water for the surrounding
neighborhood. The seismicity is located at 2-6 km depth, with
most events occurring between 4 and 6 km. In C3 the seismicity
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FIGURE 9
Comparison of the Vp (upper rows) and Vp/Vs (lower rows) model at 2 km depth with other geoscientific research from the Hengill geothermal
areas and surroundings. Fumaroles (red dots) and volcanic centers (black broken lines), as well as the power plants (yellow stars) are drawn for
orientation in all subfigures. On the velocity models we overlay: (A) Vp contour lines. (C) Vp/Vs contour lines. (A,C) aero-magnetic low (<
53.000 gamma) shown as green thick lines (Bjornsson and Hersir, 1981; Hersir et al.,, 1990). (B,D) a resistivity low (< 10 Om) at 4.3 km depth as
white thick lines (Arnason et al., 2010) and residual Bouguer gravity with pink lines encircling gravity high and blue gravity low; Bjérnsson et al., 1986;
Hersir et al., 1990). The area in Sleggja with a high b-value is outlined by the purple line.

is the most diffuse in depth and occurs at a lower rate (the lowest
rate of the analyzed areas). However, the detection rate in this
cluster could be affected by a sparser network on the outskirts of
the study area. The bulk of the seismicity follows a general ENE-
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WSW  trend, with a few N-S intersecting faults/clusters.
Separated in space from the ENE striking band of seismicity,
an M 4.2 event occurred in December 2018, with associated
aftershock activity, delineating two parallel N-S striking faults.
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3.9 Analysing the relative earthquake size
distribution

The relative frequency-magnitude distribution (FMD) of
earthquakes, typically described by the b-value of the
relationship log N = a - bM, is a key ingredient of seismic
hazard assessment. Because the b-value is also related to the local
stressing condition and to fluid pressures, analysing b-value can
be a useful tool complementing seismic imaging (e.g., van
Stiphout et al,, 2009. For each of the seismic clusters we
compute first the overall b-values, using the maximum
likelihood technique as described in Wiemer and Wyss (2000)
and Shi and Bolt (1982). We use a magnitude binning of
AM=0.1 My, and estimate the magnitude of completeness (Mc)
for each seismic cluster using the maximum curvature approach
(Wiemer and Wyss, 2000; Mignan and Woessner 2012). The
results are summarized in Table 2. The Mc is about 0.4 My, for the
entire Hengill region, and as low as 0.2 My, in the central clusters
(C1, C2, S1). The overall b-value is around 0.9 for the Hengill
field. The highest values with 1.21 and 1.12 are found at shallow
depth (1.5-2 km and <1.5 km) in the Sleggja (H3) and Husmuli
injection areas (HI). Clusters containing mainly production
wells, Hverahlid and Nesjavellir (S1, S2) show lower b-values
(0.86, 0.93).

We then spatially map Mc and b-values using Zmap (Wiemer,
2001, Figure 8). For this computation we used the medium quality
catalog (MQ) since it preserves better low-magnitude events. Large
magnitude events that are more sensitive for the b-value estimation
are consistent between MQ and HQ catalogs (Supplementary Figure
S8). The grid spacing is 200 m. Each area for b-value calculation
must contain 150 earthquakes. We observe a prominent region of
high b-values East of the Hellisheidi power plant (Figure 8B) that is
dominated by the H3 cluster and appears slightly shifted to the East
with respect to the cluster location. This effect results from the lack
of events to the East of H3 and the consequent increase (by radius) of
the considered area until 150 events are included. In Supplementary
Figure S9, we show a map with the spatial extension of the radius
used to select 150 events and the error associated to b-value

estimation.

4 Discussion

4.1 3-D seismic velocity models in the
Hengill region in the context of other
geophysical observations

After a discussion of the 3D seismic velocity models, we
compare the highest resolution tomographic results (at 1-3 km
depth, Figure 5D) to other geoscientific data, such as aero-
magnetics, geothermal surface manifestations, resistivity and
gravity data (Figure 9) to deepen our understanding of the
Hengill geothermal area.
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Overall, the seismic velocity models of Vp and Vs show a
similar spatial distribution of low and high-velocity regions
(Figure 5). Close to the surface at 0-1km depth (Figures
5A,D), we observe fast velocities along the postglacial fissure
swarm and in the SE-NW trend towards Hverahlid and the
Grensdalur volcanic center, which can be interpreted as a result
of solidified magma bodies between the Hengill and Grensdalur
volcanic systems and stretching towards Hverahlid. Our
observations in this shallow layer are in overall agreement
with observations from earthquake tomographies by Jousset
et al. (2011) and Wagner (2019). However, there are some
differences to the results of the ambient noise surface-wave
tomography from Sdnchez-Pastor et al. (2020) that are largest
near the power plant Nesjavellir in the North (Figures 5A,D).
Here, we need to keep in mind that the resolution in earthquake
tomography is determined by the spatial distribution of the
seismicity. In Hengill, the typical depth of the seismicity is
between 2 and 6 km (Figures 3, 7) and therefore, the rays
arrive at the seismic stations with small incidence angles. The
resolution of the presented velocity model within the top 1 km of
the crust is hence dominated by the local geology as shown in
Figure 4. The velocity model from surface wave tomography in
Sanchez-Pastor et al, 2020 is independent of the seismicity
distribution and has a more spatially homogeneous sensitivity
that is due to the frequency depth sensitivity, which is particularly
strong in the shallow crust. Nevertheless, the most prominent
features are similar between both velocity models; such as the fast
anomaly perpendicular to the fissure swarm, the slow anomaly
near the Nesjavellir power plant and the slow anomaly located to
the southwest of the Hellisheidi power plant. The two later
anomalies appear translated to the west for Sanchez-Pastor
et al. (2020), which is likely an effect of the seismic network
geometry with a limited resolution capacity for both models in
this area.

At 1-3km depth, the fast velocity anomalies are not as
pronounced (Figures 5B,E), there the trend of the Vp
anomalies is more in the E-W direction. The fastest Vp and
Vs velocities at this depth are in the NW corner of the Grensdalur
volcanic center and local low Vp and Vs velocity anomalies at
Nesjavellir, Skélafell just south of Hverahlid and at Grauhntkar.
This applies especially for Vs, resulting in a relatively high Vp/Vs
ratio in these areas, as determined in the inversion. Close to the
surface, low Vp/Vs ratios of 1.74 are observed cutting through the
Hengill volcanic center and trending W-E (Figure 5G).
Tryggvason et al. (2002) found variations of the Vp/Vs ratio
in the range 1.71-1.83 for the Hengill area at 0-1 km depth.

At greater depth the low Vp/Vs ratios are found along the
fissure swarm (Figures 5H,I), possibly indicating structural
changes in the subsurface, facilitating improved permeability.
At 4 km depth (Figure 5G), low Vp/Vs ratios of 1.74 still follow
the fissure swarm. This is also where the highest formation
temperatures are found (Steingrimsson, 2013) and where the
main production for the Hellisheidi power plant takes place. One
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explanation for the low Vp/Vs ratio could be that the extensive
extraction lowers the pressure, and consequently increases the
steam zone. Since steam is more compressible than water, the
bulk moduli decrease and so does the seismic velocity of P-waves
and hence the Vp/Vs ratio. Alternatively, this anomaly could be
due to seismic anisotropy. In the inversion, we assume isotropic
velocity, however, effects of anisotropy are likely present with the
faster propagating waves oriented along the fissures, rift parallel,
(NE-SW) and the slower propagating waves in the perpendicular
direction (NW-SE) (Bacon et al., 2022). Interestingly, the most
productive wells in the study area, located in Hverahlid, are on
the intersection between high and low Vp/Vs ratio, slightly to the
SE of the Hengill fissure swarm.

Additionally, there is a slight Vp/Vs minimum around the
Nesjavellir and Hverahlid production fields. The Vp/Vs ratio
may be affected by supercritical fluids within the volcanic
fissure swarm that cause a reduced Vp velocity as well as the
heavily fractured medium (e.g. Heath et al., 2022). These
observations are in good agreement with previous
tomography studies (Wagner, 2019; Sanchez-Pastor et al.,
2020). Also, laboratory measurements show that P-wave
with
systematic way that generally fits the predictions of the

velocities decrease increasing temperature in a
Gassmann equation, implying that fluid characteristics,
with modifications that allow for the presence of bubbles
and microfracturing, account for much of the seismic
velocity reduction (Jaya et al., 2010).

In Figure 9, we plot the Vp (a,b) and Vp/Vs ratio (c,d)
tomographic models at 2km depth with geothermal surface
manifestations such as fumaroles (red dots; Semundsson
et al, 2016), volcanic centers (black broken lines, Arnason
et al, 1986), low aero-magnetic anomaly (<53.000 nT, green
line, Figure 9A,C, Bjornsson and Hersir, 1981; Hersir et al., 1990),
the <10 Qm resistivity anomaly at 4.3 km depth (gray thick line,
Figure 9B,D, Arnason et al, 2010), residual Bouguer gravity
(-2 mGal are blue lines and +2 mGal are pink lines, Figure 9B,D,
Bjornsson et al., 1986; Hersir et al., 1990). These different
methods and the resulting anomalies represent various
physical parameters caused by common causative bodies. In
relation to the nature of the various methods, the anomalies
are revealed at different depths. They all relate to the crustal
structure and the processes and properties of the geothermal area
and are thought to be the result of a deep-seated heat source. The
SE-NW trending aero-magnetic low (caused by demagnetization
because of hydrothermal alteration) and fumaroles (see also
Figure 1) correlate nicely, and so does a shallow (less than a
couple of hundred meters deep) low resistivity anomaly caused
by the smectite low temperature alteration clay cap (Hersir et al.,
1990; Arnason et al., 2010). These reflect the same phenomenon,
relatively high temperature at shallow depth, most likely a result
of the migration of the crustal accretion and volcanic activity
from the extinct Grensdalur volcanic system to the active Hengill
volcano as discussed above.
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These anomalies correlate quite well with the high Vp
velocity across the Hengill fissure swarm. This perpendicular
trend has been observed before (Bjornsson et al., 1986; Hersir
et al., 1990; Arnason et al., 2010; Jousset et al., 2011). The deep-
seated resistivity-low at 4.3 km depth (gray line, Figure 9B),
imaged by MT data using a 3D model (Arnason et al., 2010)
is thought to represent the core of the geothermal area/system. As
attenuation of S-waves has not been observed, the resistivity-low
is proposed to reflect hot, solidified intrusions that are heat
sources for the geothermal system above (Arnason et al,
2010). The residual gravity (gray lines, Figure 9B) are long
wavelength gravity anomalies showing the broad crustal
structure, and show good correlation with the Vp at 1-3km
depth, where positive gravity (pink lines, +2 mGal), caused by
high density rocks, falls within the high Vp areas and negative
gravity (blue lines, —2 mGal), caused by low density rocks, within
the lower Vp areas.

The area containing the anomalously high b-value
earthquakes we observed in H3 (Sleggja) (purple line, Figures
9B,D), coincides with some fumarole activity and lies within a
relatively slow Vp and low Vp/Vs ratio (Figure 9D), and is
bordering the negative gravity anomaly. Elevated b-values (above
1) can be expected to be found in volcanic areas and is normally
thought to relate to elevated temperatures and high pore-fluid
pressure (Wyss, 1973; Wiemer and Wyss, 2000). In the Sleggja
area, a high temperature anomaly is present, with temperatures
reaching around 275°C at only 0.5 km depth (Bjornsson et al.,
2006). In this area, higher rates of steam can be expected
(however, the presence of steam is also pressure dependent),
which in combination with the high temperatures could explain
the low Vp/Vs ratios and the low gravity anomaly. Sleggja area is
not an area of intense seismic swarms, quite the opposite, and it is
likely that the recorded seismicity located at 1-2 km depth is
mainly induced. It is therefore of interest that the Sleggja
seismicity has the highest observed b-value of 1.2 (Table 2).
The area is located within the Hengill fissure swarm with
considerable surface alteration and some fumaroles (Figure 1)
likely due to good permeability and upwelling of fluids, which
could explain the rather low Vp value. The gravity low suggests a
relatively lower density compared to the surroundings.

Over the past years, the Hellisheidi and Nesjavellir
production fields have seen substantial subsidence linked to
the power plant operations (Ducrocq et al., 2021). Sleggja, an
area with intermittent injection within the production field, lies
at the northern end of the subsidence signal (in 2018-2019). The
continuous extraction of fluids in the direct surroundings of the
production field contributes to a decrease of the pore fluid
pressure that increases the effective stress of this highly
fractured area that could inhibit fault slip in the producing
layer and hence result in higher b-values (Segall, 1989). The
irregular reinjection in Sleggja does likely not counteract the
decrease of the pore fluid pressure sufficiently to change that
process.
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To the north and northwest of Nesjavellir power plant the
Vp/Vs ratio is high, 1.82-1.85, at depths shallower than 3 km
(north of 64.1°N in Figures 5,6), but below 3 km the Vp/Vs ratio
is lower, around the average 1.75. The main production area of
Nesjavellir power plant lies on the periphery of the high and low
Vp/Vs anomalies. The Nesjavellir area is at the northern edge of
our seismic network, and therefore we cannot exclude that we are
lacking the resolution power to observe small Vp/Vs anomalies,
and that our model is conditioned by the strong neighboring
anomalies. We do observe higher b-values in this area (Figure 8),
but again, the spatial location is not well constrained. The
production area of the Nesjavellir valley, around the
Nesjavellir power plant, does not show as clear or similar
other the
Nesjavellir area, the gravity-low correlates with low Vp and
high Vp/Vs (Figure 9). Although the low resistivity, <10 Qm,
of Arnason et al. (2010) is located at 6 km depth, they lack
resolution in the area.

correlation  with geophysical anomalies. In

The comparison of our new observations with the older
geoscientific data shows that different data sets are all
important pieces to the big picture and our enhanced
understanding of the Hengill geothermal area.

4.2 Seismicity in the Hengill region

The eight identified clusters in Hengill exhibit distinctly
contrasting behaviors.

4.2.1 Injection areas

The seismicity in clusters H1-Husmuli, H2-Grauhnikar,
and H3-Sleggja is not only clustered in space, but also in
time, with most of the activity occurring in intense swarms.
The seismicity seems to mostly align on faults, especially in
H1-Husmdli. The depth distribution is almost entirely
bounded between 1-4 km. In HI1-Husmuli, the injection
wells target prominent normal faults that have been active
in the past but the intensity has significantly increased since
the injection started, and has remained high since. Here,
seismicity on preexisting, stressed faults is likely triggered by
the injections as the resulting increase in pore pressure
reduces the normal stress. H2-Grduhnukar has seen very
since 2006, but
unexpectedly, the level of seismicity remained low. The

similar injection rates as Husmuli
injection rate in H3-Sleggja is lower and so is the

seismicity rate. Finally, the injection in Innstidalur,
Lakahnukar and Nesjavellir does not seem to cause any
significant seismicity.

It is not clear what causes the different response of the
various injection fields. Here we will briefly consider some
potential explanations, such as injection rate, volume and
pressure, prestress, geological formation, temperature of the

injected fluid, rock formation and their difference.
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Injection rate: The injection rate in H1-Husmuli and H2-
Gréauhnukar is similar and that of H5-Innstidalur is about 60% of
that, whereas the seismicity rates are very different. Therefore,
although the injection rate must be an important factor, we need
additional variables to explain the variability.

Injection volumes: Seismicity has been triggered in several
wells during drilling, associated with drill-fluid loss into the
formation, whereas in other regions ongoing injection over
long periods of time does not produce triggering. Therefore,
although injection volume may be important in any given system,
this does not explain the difference between injection fields.

Injection pressure: The pressure in the pipes to the injection
wells is relatively low or close to 0.9 MPa for all the injection
fields so this does not explain the difference in seismicity between
fields.

Prestress: The fields are close to each other and would be
expected to be under the same tectonic stress. However, there
may be some variation in stress caused by the production, as
evidenced by the deformation (subsidence) above the fields
(Juncu et al, 2017, 2020; Ducrocq et al.,, 2021). Considering
this further is beyond the scope of this paper, but should be
analyzed in a future publication.

Geological formation: The general geology is not very
different between injection fields, as they are all composed of
interlaced layers of hyaloclastite, basalt, and intrusive material
(Franzson et al., 2010). However, there may be some variability in
the relative abundance of these rock types and could be
investigated further by a study of the drill logs. This is also a
consideration for future publications.

Temperature of injected fluid: The temperature of the injected
fluid in H5-Innstidalur is much higher than in the other regions
(about 200°C). There, we observe almost no triggered seismicity.
In S2-Nesjavellir the temperature of the injected fluid is also high,
or about 90-100°C. There we also see almost no triggered
seismicity. However, the temperature of the fluid injected in
H1-Hasmuli, H2-Grauhntkar and H4-Lakahnukar is the same,
typically around 60°C, whereas the seismicity rates are very
different. Therefore, we conclude that the temperature of the
injected fluid is not alone responsible for the differences in
seismicity rates.

Temperature of rock formation: For a rough comparison of
seismicity rates and formation temperature, we assume that the
estimated formation temperature at 1,500 m depth for each
group of wells is representative of the temperature in the
interval, as it is close to the center of the production interval
in many of the injections. For each of the areas the formation
temperature is estimated from temperature measurements in the
wells as; H1-Huasmuli: 260°C, H2-Grauhnukar: 280-290°C, H3-
Sleggja: 260-300°C, H4-Lakahnukar: 230-280°C H5-Innstidalur:
250°C (Gunnarsson et al., 2022). We observe that the area most
susceptible to seismicity, H1-Husmdli, has an intermediate
temperature. The areas that have the lowest rate of seismicity,
H4-Lakahndkar and H5-Innstidalur, have relatively lower
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temperatures. However, the H2-Grauhnukar and H3-Sleggja
with intermediate rates of seismicity show the highest
We
relationship between formation temperature and seismicity

temperatures. therefore do not observe a direct
rates by this rough comparison. For a better comparison an
estimate of formation temperature at the depths, where the feed
zones are located, would be needed, which is out of the scope of

this study.

4.2.1.1 Difference in temperature between rock
formation and injected fluid

The difference in temperature between injected fluid and the
rock formation at 1,500 m depth is: H1-Husmuli: 200°C, H2-
Grauhnukar:  220-230°C, H3-Sleggja:  200-240°C, H4-
Lakahnukar: 170-220°C and H5-Innstidalur: 190°C. Here the
area with the highest seismicity rate has intermediate difference
in temperature between rock formation and injected fluid.
Therefore, again, there is not a direct relationship between
these two variables.

4.2.2 Production areas

The activity in clusters S1-Hverahlid and the southern
shallow seismicity within S2- Nesjavellir is diffuse, with the
seismicity seemingly distributed throughout the geothermal
reservoir, as opposed to aligning on faults as the seismicity
triggered by injection. The events occur at shallower depths
compared to the injection areas, mostly between 1-2.5km. In
addition to being more diffuse in space compared to the
seismicity associated with injection, the activity also appears
more diffuse in time. In S2-Nesjavellir there is an additional
deeper cluster that appears to fall on a fault that dips steeply to
the west (Figure 7). Due to its separation from the cluster that
coincides in space with the geothermal extraction and as it
appears to align on a fault, we suggest that this seismicity is
of tectonic origin.

The activity in clusters S1-Hverahlid and S2-Nesjavellir is
diffuse, with the seismicity seemingly distributed throughout the
geothermal reservoir, as opposed to aligning on faults as the
seismicity triggered by injection. We see almost no induced
seismicity in H3, the main production area of the Hellisheidi
power plant. The events occur at shallower depths compared to
the injection areas, mostly between 1-2.5km. In addition to
being more diffuse in space compared to the seismicity associated
with injection, the activity also appears more diffuse in time.

It would be expected that as opposed to injection, production
would reduce the seismicity rates, as extracting fluid from faults
would increase the normal stress on them, causing them to not
slip. However, we see significantly elevated rates of seismicity,
especially in S1-Hverahlid, where seismicity rates increased
dramatically, immediately at the onset of production. We
therefore do not consider this seismicity triggered in the same
sense as in the injection areas, but rather induced seismicity as
has been observed in other geothermal production areas as well
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as in for example gas fields (van Thienen-Visser and Breunese,
2015; Green et al,, 2019). In these fields the seismicity has been
attributed to slip on surfaces within a volume that experiences

compaction.

4.2.3 Non-harnessed geothermal areas

Cluster C1 is outside the main fissure swarm. The events in
this cluster occur at 4-6 km depth, deeper than the seismicity in
the injection and production areas. The seismicity outlines NNW
and NE trending lineaments, with strike rotated compared to the
NNE/SSW and NE-SW orientation observed for most of the
faults and eruptive fissures in the Hengill region (Figure 1).

Cluster C2, includes a relatively large area of geothermal
surface manifestations. The depth distribution of the seismicity is
rather large with events occurring from 1-5 km. However, the
seismicity rate is relatively constant, making it more similar to the
production areas than the injection areas. The C3 Olfus-Bakki
seismic belt has been previously studied in detail by several
researchers (e.g., Parameswaran et al, 2020). Similar to
previous studies we see relatively constant low-rate and
relatively deep activity that is likely linked to the plate
boundary activity.

4.2.4 Depth distributions

Outside of the production and injection areas, the earthquake
clusters in the Hengill region show differences in focal depths
with deeper clusters occurring around the edges of Hengill
volcano, at 3-6 km towards the west (C1), north (S2), east
(C2) and south (C3). The depth of 4-6 km corresponds well
with the estimated depth of the brittle-ductile transition in the
north (Tryggvason et al. (2002); Li et al. (2019)). In the southwest
(C3), we find the deepest events located at 7 km. This is in good
agreement with a deeper brittle-ductile boundary in this region
(7-8 km, Li et al. (2019)).

4.2.5 Variable seismicity rates between areas
experiencing similar harnessing

There are very contrasting levels of seismicity between the
different injection and production areas. The Hellisheidi main
production field (S3) has the largest rate of fluid extraction,
however, the seismic activity in the nearby S1-Hverahlid region,
where significantly less fluid is being extracted, is much larger.
Similarly, the seismicity in HI1-Husmuli is much more intense
than in the nearby H2-Grauhnukar area, despite the rate of fluid
injection into the two fields being similar. The intensity of the
triggered seismicity is hence likely linked to the combination of
the pre-existing natural stress-field and its alteration by injection
and mass removal. This interpretation is supported by the study
of the frequency magnitude distribution across the Hengill
geothermal region. On average, the region shows a b-value of
1. This value is typically associated with natural tectonic
earthquakes. The spatial distribution of b-values for selected
clusters shows b-values range from 0.85 to 1.18, without a
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particular distinction between natural or induced seismicity
regions. A possible interpretation is that a part of the induced
events is the result of triggered tectonic faults during injection
and production operations.

The location of the earthquake clusters tends to occur in
areas of lower Vp/Vs ratios. However, the northwest-southeast
structure perpendicular to the fissure swarm seen in Vp, Vs, and
Vp/Vs slices is not reflected in the seismic activity. Most of the
seismic clusters are situated outside or on the outer edges of the
rift system. The seismicity in Hverahlid is found in the same spot
as a shallow, low Vp and low S-wave anomaly, but no universal
similarities are discerned in the overall Hengill area.

5 Conclusion

We present a comprehensive seismic catalog of the greater
Hengill geothermal region for the period of December
2018—January 2021, 38
monitored an area of 110 km”. We create a manual catalog to

during  which seismometers
assess the quality of the automatically detected events and also to
create minimum 1-D velocity models of the Hengill geothermal
region. We show that accurate hypocenter locations are achieved
by a joint inversion of P and S travel times for this data set.
In areas of geothermal harnessing, induced seismicity is
located at depths between 1.5 and 3 km, whereas tectonic
events typically occur at depths of 4-6km, defining the
brittle-ductile boundary. Seismicity related to injection is more
clustered in time and aligns on faults, whereas production-related
seismicity appears more diffuse in both time and space. In
the
seismicity has similar diffuse temporal behavior as in the

regions of naturally occurring geothermal activity,
production areas. Regions that experience similar rates of fluid
extraction and injection may exhibit contrasting levels of
seismicity. This is likely linked to the combination of the pre-
existing natural stress-field that is altered by injection and mass
removal that can then trigger seismic events. This interpretation
is supported by the study of the frequency magnitude
distribution across the Hengill geothermal region. On average,
the region shows a b-value of 1. This value is typically associated
with natural tectonic earthquakes. The spatial distribution of
b-values for selected clusters shows b-values range from 0.85 to
1.21, without a particular distinction between natural or induced
seismicity regions. A possible interpretation is that the induced
events are the result of triggered pre-existing tectonic faults
during injection and production operations.

We performed a Vp, Vs and Vp/Vs local earthquake
tomography. At shallow depths (0-1km), the Vp and Vs
the
postglacial fissure swarm as well as a SE-NW trend towards

tomographic models indicate fast velocities along
the Grensdalur volcanic center. At greater depth these anomalies
are not as pronounced. At 1-3 km, the relatively fastest velocity is

observed in the NW corner of the Grensdalur volcanic center
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coinciding with a gravity high, likely reflecting dense solidified
magmatic intrusion(s) in the volcanic center. This SE-NW
anomalous velocity feature extending between the extinct
Grensdalur volcanic center and the presently active Hengill
volcanic center is also reflected in traces of geothermal surface
manifestations, a shallow lying low resistivity anomaly and an
aero-magnetic low—all three due to high temperature at some
point in the geological history of the area and most likely caused
by the migration of the crustal accretion and volcanic activity
between the two volcanic centers. At greater depth (>4 km) a
deep lying resistivity low is seen cutting through the northern
part of the Hengill volcanic center and trending towards
Grensdalur. It presumably reflects hot, solidified intrusions
that are heat sources for the geothermal system.

At 0-1 km depth, a zone of relatively low Vp/Vs ratios cuts
through the Hengill volcanic center trending W-E, while at
greater depth the low Vp/Vs ratio is mainly along the fissure
swarm. At 1-3 km depth the low Vp/Vs anomaly coincides with
the main production field, located slightly NE of the Hellisheidi
power plant, possibly caused by the extensive extraction which
lowers the pressure in the field, and consequently increases the
steam zone leading to lower Vp/Vs ratios. Most of the
earthquakes are located within the Vp/Vs low and at the
boundary of the high and low Vp/Vs anomalies, which might
indicate a region with good permeability.
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