. eprints@whiterose.ac.uk
Whlte Rose https://eprints.whiterose.ac.uk

B
kk:) ) Research Online

Universities of Leeds, Sheffield and York

Deposited via The University of Leeds.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/118745/

Version: Accepted Version

Article:

Drouin, V, Sigmundsson, F, Verhagen, S et al. (2017) Deformation at Krafla and
Bjarnarflag geothermal areas, Northern Volcanic Zone of Iceland, 1993-2015. Journal of
Volcanology and Geothermal Research, 344. pp. 92-105. ISSN: 0377-0273

https://doi.org/10.1016/j.jvolgeores.2017.06.013

(c) 2017 Published by Elsevier B.V. This manuscript version is made available under the
CC BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

ﬁ <&, | University of

UNIVERSITY OF LEEDS & Sheffleld



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1016/j.jvolgeores.2017.06.013
https://eprints.whiterose.ac.uk/id/eprint/118745/
https://eprints.whiterose.ac.uk/

=
urnal of volcanology

Accepted Manuscript o geothermal research

Deformation at Krafla and Bjarnarflag geothermal areas, Northern Volcanic
Zone of Iceland, 1993-2015

Vincent Drouin, Freysteinn Sigmundsson, Sandra Verhagen, Benedikt
G. Ofeigsson, Karsten Spaans, Sigrin Hreinsdéttir

PII: S0377-0273(17)30371-2

DOI: doi: 10.1016/j.jvolgeores.2017.06.013

Reference: VOLGEO 6134

To appear in: Journal of Volcanology and Geothermal Research
Received date: 31 July 2016

Revised date: 30 May 2017

Accepted date: 15 June 2017

Please cite this article as: Drouin, Vincent, Sigmundsson, Freysteinn, Verhagen, Sandra,
Ofeigsson, Benedikt G., Spaans, Karsten, Hreinsdéttir, Sigrin, Deformation at Krafla
and Bjarnarflag geothermal areas, Northern Volcanic Zone of Iceland, 1993-2015, Journal
of Volcanology and Geothermal Research (2017), doi: 10.1016/j.jvolgeores.2017.06.013

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.


http://dx.doi.org/10.1016/j.jvolgeores.2017.06.013
http://dx.doi.org/10.1016/j.jvolgeores.2017.06.013

Deformation at Krafla and Bjarnarflag geothermal areas,
Northern Volcanic Zone of Iceland, 1993-2015

Vincent Drouin®*, Freysteinn Sigmundsson?, Sandra Verhagenb, Benedikt G. ()feigssonc,
Karsten Spaans¢, Sigriin Hreinsd6ttir®

“Institute of Earth Sciences, University of Iceland, 101 Reykjavik, Iceland
bDelft University of Technology, department of Geoscience and Remote Sensing, 2628 CN Delft,
Netherlands
¢Icelandic Meteorological Office, 101 Reykjavik, Iceland
4COMET, School of Earth and Environment, University of Leeds, Leeds, United Kingdom
¢GNS Science, Lower Hutt 5040, New Zealand

Abstract

The Krafla volcanic system has geothermal areas within the Krafla caldera and at Bjarnarflag
in the Krafla fissure swarm, 9-km south of the Krafla caldera. Arrays of boreholes ex-
tract geothermal fluids for power plants in both areas. We collected and analyzed InSAR,
GPS, and leveling data spanning 1993-2015 in order to investigate crustal deformation
in these areas. The volcanic zone hosting the geothermal areas is also subject to large
scale regional deformation processes, including plate spreading and deflation of the Krafla
volcanic system. These deformation processes have to be taken into account in order to
isolate the geothermal deformation signal. Plate spreading produces the largest horizon-
tal displacements, but the regional deformation pattern also suggests readjustment of the
Krafla system at depth after the 1975-1984 Krafla rifting episode. Observed deformation
can be fit by an inflation source at about 20 km depth north of Krafla and a deflation
source at similar depth directly below the Krafla caldera. Deflation signal along the fissure
swarm can be reproduced by a 1-km wide sill at 4 km depth closing by 2-4 cm per year.
These sources are considered to approximate the combined effects of vertical deforma-
tion associated with plate spreading and post-rifting response. Local deformation at the
geothermal areas is well resolved in addition to these signals. InSAR shows that defor-
mation at Bjarnarflag is elongated along the direction of the Krafla fissure swarm (~4 km
by ~2 km) while it is circular at Krafla (~5 km diameter). Rates of deflation at Krafla
and Bjarnarflag geothermal areas have been relatively steady. Average volume decrease

of about 6.6x10°> m>/yr for Krafla and 3.9x10° m>/yr for Bjanarflag are found at sources
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located at ~1.5 km depth, when interpreted by a spherical point source of pressure. This
volume change represents about 8x 103 m3/ton of the mass of geothermal fluid extracted
per year, indicating important renewal of the geothermal reservoir by water flow.
Keywords:

InSAR, GPS, leveling, geothermal areas, divergent plate boundary and volcanic systems,

thermal contraction

1. Introduction

The installed capacity to generate electricity in geothermal power plants in Iceland is
665 MW, or about 24% of total electricity generated (Statistics Iceland, 2016). Extraction
of geothermal fluids can generate subsidence in the surroundings of power plants as condi-
tions in geothermal reservoirs are modified. Here we study the ground deformation at two
geothermal areas within the Krafla volcanic system, NE Iceland, where two power plants
are operated.

There is a growing interest in geothermal energy due to its renewability (Axelsson
etal., 2015). The rechargeability of a geothermal reservoir depends on the influx of ground
water from surrounding areas and the influx of heat to the reservoir. In a fully sustainable
production scenario the volume of geothermal fluid extracted by the power plant is in bal-
ance with the influx of water and heat. If the volume of geothermal fluid extracted exceeds
the rechargeability of the geothermal reservoir, the reservoir may become depleted. Lack
of complete recharge of geothermal reservoirs during utilization can results in ground sub-
sidence. Subsidence ’bowls’ may form around arrays of utilized boreholes (e.g., Hole
et al., 2007; Keiding et al., 2010) and can extend along faults (e.g., Ali et al., 2016). In
extreme cases in sedimentary settings, the cumulative subsidence can exceed 10 m after
long periods of utilization (Bromley et al., 2013). Deformation caused by geothermal ex-
ploitation is often attributed to pore-pressure change and/or thermal processes within the
geothermal reservoirs (Chen, 2011; Vasco et al., 2013; Im et al., 2017).

The Krafla volcanic system (Fig. 1) is one of the main volcanic systems in the North-
ern Volcanic Zone (NVZ) of Iceland (Semundsson, 1974; Hjartardottir et al., 2015). It
has a central volcano with a 9 x 7 km caldera bordered by rhyolithic domes. Its fissure
swarm, the surface expression of rifting with repeated dike intrusions, extends 40 km to
the south and 50 km to north from the center of the caldera (Hjartardéttir et al., 2012). The

Krafla volcanic system has two known extended periods of high eruptive activity during
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the Holocene (Semundsson, 1991). The current period started around 2600-2800 years
BP. Prior to it, the eruptive activity was concentrated in the Fremrindmar volcanic system,
whose central volcano lies 35 km south of Krafla caldera.

Two rifting events are documented for the Krafla volcanic system in historical times
(last 1100 years): the 1724-29 Myvatn Fires (Thoroddsen, 1907-1915) and the 1975-
84 Krafla Fires (Einarsson, 1991; Buck et al., 2006). During the latter, at least 20 dikes
were intruded, with nine resulting in fissure eruptions. Dikes were intruded 20 km to
the south and 60 km to the north of a shallow magma chamber under the Krafla caldera.
The pressure center of the chamber inferred from inflation/deflation patterns is near Mt.
Leirhnjikur in the center of the caldera. All the eruptive activity took place within and to
the north of the caldera. The maximum cumulative opening due to diking was 8-9 m, north
of the caldera (Tryggvason, 1984). Rifting and diking, and deformation after such events,
has e.g. also been studied in Afar (Nooner et al., 2009; Hamling et al., 2014), Djibouti
(Smittarello et al., 2016), and Hawaii (Lundgren et al., 2013). Post-rifting adjustment and
associated deformation signals may occur over wide areas for decades after rifting events,
influencing both horizontal and vertical displacements. Such regional adjustment has thus
to be considered when addressing local deformation in areas influenced by rifting.

Gradual uplift of the Leirhnjikur area continued until 1989, five years after the last
eruption, due to pressure increase in the shallow magma chamber. The area then began to
subside, at an average rate of ~5 cm/yr from 1989 to 1992. The subsidence rate has de-
cayed exponentially since, with the estimated subsidence rate lower than 3 mm/yr in 2006
(Sturkell et al., 2008). After 1995, the maximum rate of subsidence shifted from directly
above the shallow magma chamber, towards the array of boreholes in the Leirbotnar area
within the Krafla caldera (Fig. 1). Subsidence has also been observed around the array of
boreholes at Bjarnarflag geothermal area (Sturkell et al., 2008).

There are a number of other large scale deformation signals influencing in the Krafla re-
gion, most importantly the plate spreading across the NVZ. According to the MORVEL2010
plate-motion model, the North-American plate and the Eurasian plate separate at the rate
of about 18 mm/yr in a direction N104.5°E (DeMets et al., 2010). A similar rate is in-
ferred from GPS observations (Drouin et al., 2017). Additionally, a broad uplift pattern
has been detected north and north-east of Krafla. Candidate explanations include magma
accumulation near the crust/mantle boundary (de Zeeuw-van Dalfsen et al., 2004; Metzger

and Jénsson, 2014) and/or post-rifting relaxation (Ali et al., 2014). Inflation occurred in



2007-2008 in the Peistareykir central volcano (20 km NW of Krafla) suggesting magma
intrusion (Metzger et al., 2012). Glacial isostatic adjustment (GIA) caused by retreat of
ice caps in Iceland since ~1890 is also influencing the area (Arnadéttir et al., 2009; Au-
riac et al., 2014; Compton et al., 2015). However, the GIA contribution in the Krafla area
is on the order of a few mm/yr in the vertical and less than 1 mm/yr in the horizontal
(Drouin et al., 2017). In addition to these sources, deflation along the Krafla fissure swarm
has been identified from geodetic observations (Sigmundsson et al., 1997; Metzger and
Jonsson, 2014).

There are two main geothermal fields in the Krafla volcanic system: one near the center
of the Krafla caldera, another 9 km south, at Namafjall (Fig. 1). Landsvirkjun, the national
power company of Iceland, operates a geothermal power plant in both geothermal fields.
The main one, located in the Krafla caldera, began its operation in 1977 with an initial
production of 30 MW. Most of the boreholes used by the Krafla power plant are located
in the Leirbotnar area within the caldera (Fig. 1), later referred to as the Krafla geothermal
area. In 1996 a second turbine was installed, with the power plant reaching its nominal
capacity of 60 MW in 1997. Its main purpose is to provide electricity for towns in north-
east Iceland. The other power plant is located at Bjarnarflag, on the west flank of the
Némafjall volcanic ridge. Its operation began in 1969 and has an installed capacity limited
at 3 MW. It is mainly used to provide hot water to the town of Reykjahlid and a nearby
geothermal pool. Both power plants have been continuously operating since they entered
production, even during the 1975-1984 Krafla rifting episode.

Water and steam extraction rate has been fairly stable at the Bjarnarflag power plant
since 1977, with an average of 1500-2500 kT (kilotons) per year (Fig. 2). At the Krafla
power plant, water extraction rate doubled after 1995 to supply the second turbine. Since
2000, on average 9000 kT of water and steam have been extracted per year. Re-injection
of water started in 1999, and the rate of injection has been increasing with time. In 2014,

it was more than 4000 kT per year.

2. Geodetic data

In 1938, a triangulation network was set up across the NVZ centered at Krafla vol-
cano to test Wegener’s continental drift hypothesis (Niemczyk, 1943; Tryggvason, 1984).
The 100 km long network was re-measured in 1965, using electronic distance measure-

ments (EDM) and triangulation, and repeated every few years for the next two decades
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together with observations along leveling profiles (Gerke, 1974; Wendt et al., 1985). Dur-
ing the Krafla rifting episode 1975-84, terrestrial geodesy techniques (leveling, theodolite
and electronic distance measurements, tiltmeters) were extensively used for measuring the
ground deformation (Tryggvason, 1984). New space geodesy techniques were introduced
early in the region: Global Positioning System (GPS) geodesy in the late 1980’s (Foul-
ger et al., 1992; Heki et al., 1993) and interferometric analysis of synthetic aperture radar
images (InSAR) from satellites in the early 1990’s (Sigmundsson et al., 1997). Since
the 1990’s, GPS and InSAR measurements have been favored over the historical terres-
trial geodetic techniques. The geodetic dataset for the period 1993-2015 consists mostly
of repeated GPS measurements and SAR acquisitions, as well as some leveling surveys.
With the exception of continuous GPS stations that log data all year around, measure-
ments reported here were acquired during the summer months, from the end of June to
mid-September. Geodetic observations acquired at the same time of the year mitigate the
influence of the seasonal deformation cycle in Iceland on time series analysis of the var-
ious datasets (Grapenthin et al., 2006; Drouin et al., 2016). In the following, data time
intervals refer to intervals from summer to summer (e.g., 1995-2000 should be interpreted

as summer 1995 to summer 2000).

2.1. Leveling

Following the Krafla rifting episode 1975-84, leveling surveys were conducted to mon-
itor the Krafla and Bjarnarflag geothermal areas in 1989, 1995, 2000, 2005 (Sturkell et al.,
2008), and 2010 (Theoddrsson and Bui, 2011). Measurements concentrate on six main lev-
eling lines across the Bjarnarflag geothermal area and Krafla caldera, all linked together.
Leveling benchmarks are spaced between 250 and 2000 meters from each other. Here we
use the data from 1995, 2000, 2005, and 2010 provided by Landsvirkjun.

Average vertical velocities are obtained by differentiating the height measurements at
each site between two surveys and dividing them by the time separation between the two
measurements. Leveling velocities are relative by nature; one station in the network is used
as a reference. Under the condition that the difference between the geoid and the ellipsoid
1s uniform over the area of interest, GPS vertical velocities known at some of the stations
can be used to reference the entire network to a global frame. The 1995 to 2005 and 2005
to 2010 velocities inferred from leveling are shown in Figs. 3 and 4, respectively. Local

subsidence of about 5-7 mm/yr is observed at both Krafla and Bjarnarflag geothermal areas



when compared to their surroundings.

2.2. GPS

The first Iceland country-wide GPS survey was conducted in 1986 and included a few
sites near Krafla (Foulger et al., 1993). Large-scale GPS surveys of the NVZ began in
1987 for monitoring tectonic displacements and other deformation processes (Jahn et al.,
1990). Additional surveys were conducted in the NVZ in 1990 and 1992 to study post-
rifting relaxation after the Krafla rifting episode (Foulger et al., 1992; Heki et al., 1993;
Hofton and Foulger, 1996). From 1992, surveys were conducted in the area every few
years until 2002. Since then, the area has been measured on a yearly basis, although
only with sparse observations until 2012. An extensive gravimetry survey was conducted
by ISOR, the Icelandic Geosurvey in 2012. The University of Iceland carried out the
precise GPS geodetic measurements at the gravity sites. In the following years, dense
GPS measurements were acquired by University of Iceland in collaboration with the Delft
University of Technology, Netherlands.

Within the Krafla caldera, the GPS sites HVIT, RAHO, and VITI have been measured
the most regularly for the longest time (see Fig. 1 for location). The oldest and closest
site to the Bjarnarflag geothermal area is NAMA, located on Mt. Namafjall. It has been
measured sporadically since 1986. The near-surroundings of the Bjarnarflag power plant
only started to be monitored with GPS in detail in summer 2012, but have been measured
every summer since.

The first continuous GPS station in the Krafla region, MY VA, was installed in 2006 in
the village of Reykjahlid, SW of Krafla. It is operated by the Bavarian Academy of Sci-
ences and Humanities (Germany) in collaboration with Landmalingar Islands (National
Land Survey of Iceland). Two additional continuous GPS stations were installed by the
University of Iceland in collaboration with the Landsvirkjun power company in 2011 and
2012: KRAC (next to Krafla power plant) and BJAC (south of the Bjarnarflag area).

GPS data from over 80 GPS sites in the Krafla area have been analyzed at University
of Iceland using GAMIT/GLOBK 10.6. Sites positions were evaluated in the ITRF2008
reference frame using over 100 worldwide reference stations in a similar manner as de-
scribed by Drouin et al. (2017). The resulting time series cover the time period from sum-
mer 2002 to summer 2015. The time series were then analyzed with the Tsview software

(Herring and McClusky, 2009) to derive velocities with realistic uncertainties at each GPS



site. Using this approach, we derived three-dimensional displacement velocities at each
site measured at least twice during the chosen time intervals. Velocities are referenced to
the stable Eurasian plate and show a clear westward motion of about 10 mm/yr as well as

subsidence for all sites in the Krafla volcanic system (see Figs. 5 and 6).

2.3. InSAR

The Northern Volcanic Zone of Iceland is well suited for InNSAR measurements as
vegetation there is sparse or non-existent. However, the area is usually covered with snow
from fall to late spring. Thus only images acquired in July, August, and September have
good enough coherence to be used for interferometric analysis.

SAR images began to be acquired over North Iceland in 1992 by the ERS-1 satel-
lite mission. Images over the Krafla volcanic system were first used by Sigmundsson
et al. (1997) to observe magma chamber deflation and post-rifting deformation processes.
Since then many SAR satellite missions have acquired data over the area. Here we have
use images from ERS, Envisat (Envi), TerraSAR-X (TSX), and Radarsat-2 (RS2) mis-
sions. Most of the images were granted by the Committee on Earth Observation Satellites
(CEQOS) through the Icelandic Volcanoes Supersite project, following the nomination of
Iceland as a Permanent Geohazard Supersite in 2013 (FUTUREVOLC, 2016).

InSAR measures one-dimensional ground displacement in the line-of-sight (LOS) of
the satellite, i.e. along the ground-satellite direction. Satellite tracks are categorized in
ascending tracks (satellite approaching the North Pole region, following approximately a
south-north direction) or descending tracks (satellite approaching the South Pole region,
following approximately a north-south direction). SAR instruments on board satellites
can be right-looking (images acquired on the right of the satellite direction) or left-looking
(images are acquired on the left of the satellite direction). All tracks analyzed here are
right-looking. Five tracks are descending (ERS T9, T52, T281; Envisat T230; TerraSAR-
X T49) and four ascending (Envisat T281; TerraSAR-X T56, T147; Radarsat-2). In ad-
dition to the track and look direction, the look angle (angle from the vertical) at which
the images are acquired will determine the LOS. All satellites have almost north-south
tracks in Iceland, which makes InSAR fairly insensitive to deformation in the north direc-
tion. A satellite acquiring images with a small look angle will be mostly sensitive to the
vertical motion while acquisitions with a large look angle will sense more the horizontal

E-W motion. It is beneficial to have both ascending and descending tracks covering the



same area, as the contribution of displacements along the east-west direction to the LOS
displacements will be reversed.

Data from each InSAR track were processed with the StaMPS software using the per-
manent scatters (PS) and small baseline combined processing (Hooper, 2008). With the
exception of TSX track T49 and T56, all tracks were cropped to our area of interest to
keep the processing time reasonable. Topographic effects were corrected using a digital
elevation model (DEM) provided by DLR, the German Space Agency. This DEM is a
preliminary product from the TanDEM-X mission and has a spatial resolution of 12 m and
a vertical precision of less than 10 m.

For each time series, we obtained images of the LOS displacements for the satellite
acquisitions included in the processing. An average LOS velocity field was also derived

for each time series.

2.4. Time intervals

In order to make best use of our data and investigate possible temporal variation in the
deformation field, we divided our dataset into six time intervals: 1993-1995, 1995-2000,
2000-2003, 2004-2010, 2009-2014, and 2012-2015. These time intervals were mainly
chosen according to the time spanned by the various InSAR satellites (see Fig. 2). Table 1
gives an overview of the data for each of the time intervals.

Figures 3 to 6 give an overview of the observed ground deformation and the geother-
mal fluid utilization for each time interval. Note that Figure 3 presents 1993-2003 data and
therefore covers the 1993-1995, 1995-2000, and 2000-2003 time intervals combined. Pro-
files across the InSAR velocity fields reveal a 5-km wide subsidence signal in Krafla and
2-km wide subsidence signal in Bjarnarflag when compared to the area in between (Figs. 3
to 6). The InSAR velocity fields also show that the local deformation pattern appears to
be circular at Krafla while it is elongated along the fissure swarm at Bjarnarflag.

The 1995-2000 and 2009-2014 time intervals have the best InSAR time series: over
10 images, which are fairly well distributed over long time periods. Other time intervals
have less than 10 images per time series, which are poorly distributed over the time period
(2004-2010) or spanning a short time interval (1993-1995, 2000-2003, 2012-2015). The
2012-2015 time interval has the most extensive GPS dataset. However, the 2009-2014 time
interval covers a longer time and has thus longer time series, which gives more reliable

velocities. Too few GPS measurements were conducted in the 2004-2010 time interval



to contribute significantly to the deformation observation dataset. Leveling observations
cover only 1995 to 2010, therefore only the 1995-2000, 2000-2003, and 2004-2010 time
intervals includes leveling data (average velocities between the two surveys covering better
the period). Leveling surveys were conducted in a similar way, we thus expect the data
over each of these time intervals to be of equal quality. Overall the 1995-2000 and 2009-
2014 time intervals have better deformation datasets than the other time intervals.

The division of our data set into time periods takes into consideration the limitations
of the data. There are methods that can provide a higher temporal resolution than the one
considered here (e.g., Pritchard and Simons, 2006; Grandin et al., 2010), but these require
in general more extensive data sets. Our data (InSAR, GPS, and leveling) have been
collected each year in the summer time, which means we can only realistically achieve a
1-year resolution at best. Second, the deformation rates are small (1-2 cm/yr) which make
any year-to-year deformation measurements really sensible to noise in the data. Finally,
apart from a decay in the subsidence rate in the 1990’s, deformation rates appears to be

relatively stable.

2.5. Areas of high deformation gradient

Average LOS velocity fields derived from InSAR time series provide a good coverage
of the deforming areas. We search for areas of high deformation gradients by applying the

following formula on each of the inferred LOS average velocity fields:

5=/ (BLOS/SE)? + (SLOS/8N)? (1)

The gradient magnitude § is obtained by taking the derivative of the LOS velocity field
along East and North directions using GMT routine grdmath (Wessel and Smith, 1998). To
minimize noise and emphasize the fast deforming areas, all LOS velocity fields were also
stacked together before calculating the gradient magnitude (Fig. 7). Gaps in the velocity
fields were filled using Delaunay triangulation.

Steep topography feature are sources of error during InSAR processing because they
cause layovers and shadows in the SAR images. Thus high gradient magnitude near steep
topography may be an error rather than an indication of fast deforming area. On the other
hand, high gradient magnitude on relatively flat areas can be considered good indicator of
areas with high deformation gradients. Therefore, areas with slope over 0.2 (20 m relief

over 100 m distance) along the East direction were masked out in Fig. 7.



We infer a few areas of reliable high deformation gradients: around Leirhnjtikur, north
of the Krafla geothermal field, west of Hvithdlar, and west of Bjarnarflag geothermal field
(Fig. 7). In Krafla, high InSAR gradients concentrate along the eruptive vents of the Krafla
rifting episode but also east of them, across Leirbotnar. In Bjarnarflag, the high gradients
area outlines an elongated high deformation area 600-800 meters west of the power plant.
Although it follows the general direction given by the fissure swarm, no surface fault is

directly associated with this high InSAR gradient area.

3. Model

In order to study the deformation due to local processes at Krafla and Bjarnarflag
geothermal areas, there is need to isolate the deformation signal from the more regional

deformation due to plate spreading and other long wavelength deformation processes.

3.1. Regional deformation in the Krafla volcanic system

The Krafla volcanic system is subject to large-scale deformation sources in addition
to deformation related to the shallow Krafla magma chamber and local geothermal pro-
cesses. The regional horizontal displacement field is dominated by spreading across the
divergent plate boundary in North Iceland. The geothermal areas are located close to the
present central axis of the plate spreading in the Northern Volcanic Zone (Drouin et al.,
2017). It has been suggested that the observed regional deformation pattern reflects a com-
bination of plate spreading and deep magma accumulation near the crust/mantle boundary
(de Zeeuw-van Dalfsen et al., 2004; Metzger and Jonsson, 2014). An alternate model by
Ali et al. (2014) suggests post-rifting relaxation signal instead of deep magma accumula-
tion to explain the observations. These studies constrain their model using GPS velocities
and/or InSAR time series only from a descending satellite track.

Here, we use TSX T49 descending track, TSX T56 ascending track, and GPS veloci-
ties, all spanning 2009-2014, to constrain the long wavelength deformation patterns. We
compared this dataset to the model by Metzger and Jonsson (2014). It includes a back-
slip plate spreading model, centered on the Krafla fissure swarm, and a deep Mogi point
pressure source (Mogi, 1958) north of Krafla. Although having a spreading segment axis
aligned along the Krafla fissure swarm (as suggested by previous studies) provides a fairly
good fit to our GPS data and descending InSAR data, it doesn’t explain well the ascending

InSAR data. Furthermore, using horizontal GPS velocities, Drouin et al. (2017) infer that
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the plate spreading central axis doesn’t appear to follow the direction given by the Krafla
fissure swarm south of the caldera.

An elongated deflation signal along the fissure swarm is clearly observed in the InNSAR
time series. Here, we propose that this elongated signal reflects a combination of stretching
of the plate boundary across a weak zone of the Krafla fissure swarm (structural weakness)
and readjustment of the fissure swarm after the Krafla Fires, both by thermal processes
as well as stress relaxation. The repeated dike intrusions during the 1975-1984 rifting
episode may have opened fractures, thus allowing more water to enter deep into the fissure
swarm, resulting in increased thermal cooling of the surrounding rocks. Stress relaxation
following the Krafla rifting episode and plate spreading across a crustal weakness zone
(recently activated fissure swarm) could also contribute to this subsidence signal along the
Krafla fissure swam.

We implement an inversion process to put constraints on the sources causing these de-
formation processes (parameters are shown in Table 2). Secular plate spreading is modeled
as by Drouin et al. (2017). Local deformation signals due to the Krafla magma chamber
and the Krafla and Bjarnarflag geothermal sources are modeled as by Sturkell et al. (2008),
considering three separate point sources of pressure, fixing their locations. We included
a deep point source of pressure increase in the same location and depth as Metzger and
Jonsson (2014) but searched for its best fitting volume change. Furthermore, we place a
deep point source of pressure decrease under the Krafla caldera in the location suggested
by Drouin et al. (2017) and search for its best fitting volume change. This two deep sources
setup explains well the observed northward horizontal displacements in our study area and
may indicate readjustments at depth following the Krafla rifting episode. The subsidence
and contraction along the Krafla fissure swarm is modeled as a single horizontal contract-
ing sill (Okada, 1992). The length and direction of the dislocation is inferred from the
zone where dikes were intruded during the Krafla rifting episode (Tryggvason, 1984). Its
depth, width, and closing rate are kept free. A contracting dike from the surface to a depth
of a few kilometers in the same location was also considered. However, for a similar rate
of subsidence, this model induces a much larger horizontal contraction signal which is
not present in our observations. Therefore the contracting sill model was chosen. Fig-
ure 8 shows the location of the sources utilized in the inversion as well as the results of
the inversion. InSAR velocity fields were resampled to a 0.01°E by 0.005°N grid prior

to inversion to keep the computational time reasonable. We use a grid search approach to
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find the best fitting parameters for the model by minimizing the chi-square. We allow for
a constant offset for each InNSAR LOS velocity field and the Up component GPS velocity
field. InSAR LOS velocity fields have a relative reference and thus it is appropriate to
consider an offset for them before estimating the fit to the model. Vertical GPS velocities
are absolute, but in our model we didn’t account for the GIA signal, which generates uplift
of few mm/yr in the area (Drouin et al., 2017). Our area of interest spans a short latitude
range (65.6° to 65.75°). Over this distance (~17 km) the vertical GIA signal varies by
less than a mm and can be considered constant, as the closest edge of Vatnajokull (the
main source of the GIA signal) is at about 90 km from Bjarnarflag. Therefore, GIA can
be accounted for by considering an offset for the vertical GPS velocities in our modeling.
Table 2 shows the results of the inversion. We found that the contracting sill is located
at about 3.3 km depth, is 0.6 km wide, and closes at a rate of approximately 28 mm/yr
for 2009-2014. On the surface, this model results in about 10 mm/yr subsidence along
segment of the Krafla fissure swarm that was active in 1975-1984. The constant offset for
GPS vertical velocities is estimated 4.9 mm/yr, similar to the uplift expected from the GIA

in this area for the time period of our study (Drouin et al., 2017).

3.2. Geothermal areas

Here we focus on a smaller area to look for temporal variation of the deformation
(Figs. 3 to 6). We use inversion to infer changes in both the regional deformation signal
and the deformation processes in the geothermal areas for each time interval. For the re-
gional deformation field, we looked for possible variations from our previous results over
the Krafla volcanic system 2009-2014. We use the same model setup for the regional
sources as described previously (Table 2) but keep free the closing rate of the sill, the vol-
ume change of the deep inflation, and the volume change of the deep deflation. The smaller
area of interest allows us to remove the plate spreading segments GOR3 and HFF4 from
the model, and to fix the locking depth of the plate spreading segments Krafla and Fremri-
namar to 7 km, the approximate value for this area according to Drouin et al. (2017) Fig. 9.
The InSAR velocity fields were resampled to keep the computational time reasonable and
reduce the effects of correlation between the individual PS scatterers. Points within 2 km
from Bjarnarflag (16.85°W, 65.64°N) and 4.5 km from Krafla (16.77°W, 65.70°N) were
resampled to a 200 m grid while points outside were resampled to a 400 m grid. Thus more

points are considered in the areas over the main geothermal deformation signal compared
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to the areas outside them. This is a simple method of InSAR data resampling, comparable
to the other resampling method such as the quadtree approach (Fukushima et al., 2005)
that considers highest density of points in areas that show the largest deformation signal.
Each resampled InSAR point has the average LOS velocity and location from all points
included in the "pixel". The LOS standard deviation is computed for each resampled point
and this is considered the uncertainty of that point. A minimum uncertainty of 0.1 mm/yr
is fixed for points that have a still lower value resulting from this approach. The standard

deviation is then used to weight each InSAR observation during the inversion process.

3.2.1. Simple model for geothermal sources

When modeling the local deformation signal at Krafla and Bjarnarflag, we initially
used source coordinates from Sturkell et al. (2008). The model includes three deflating
Mogi sources: at 1.5 km depth under Bjarnarflag geothermal area, at 1.5 km depth under
Leirbotnar geothermal area, and at 2.5 km depth under Leirhnjikur (approximate loca-
tion of the pressure center of the shallow basaltic magma chamber under Krafla caldera).
We first used a grid search approach to find the best fitting parameters for the regional
deformation model (see previously) and the best fitting volume change for Leirhnjikur,
Leirbotnar, and Bjarnarflag pressure source. In the second step, we fixed the three shallow
pressure sources and ran 1000 bootstrap inversions to determine a more accurate volume
change for the deep sources, the closing rate of the sill, and their uncertainties. Then we
fixed the regional deformation model and ran 1000 bootstrap inversions to determine more
accurately the volume change of the shallow pressure sources and their uncertainties. For
each bootstrap inversion, observations are resampled randomly within their 1-sigma un-
certainties and simulated annealing is used to determine the best fitting volume changes.
As previously, we allow for an offset for each InSAR velocity field and the leveling veloc-
ities. The vertical GPS velocities are corrected for the 4.9 mm/yr offset corresponding to
the GIA uplift, the value found previously when inverting the regional deformation field.

Figures 9 and 10 and Table 3 give an overview of the results from this two step inver-
sion. Results for three of the five sources (Deepyefiations Deepaefiation, Leirhn jukur) are
shown in Fig. 9 and the remaining two (Leirbotnar, B jarnar flag) are shown in Fig. 10.
Location of the sources is shown in Fig 8. Comparison between observations and best
fitting models for each time interval are shown in Figs. S1 to S6 in Supplementary Mate-

rial. The closing rate of the sill appears to diminish steadily with time from 1993 to 2015.
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The strength of the deep inflation source also decays with time, and is insignificant in the
last time interval. The strength of the deflation of the deep source below Krafla caldera
also shows a general decline. For the geothermal deformation sources, we find an average
volume change of -6.6x10° m3/yr for Krafla and -3.9x10°> m>/yr for B jarnar flag in the
1993-2015 period.

3.2.2. Deformation based on extraction and injection of geothermal fluids

The extraction/injection data and the known location of each borehole provides an
opportunity to link the observed deformation with the volume of geothermal fluid ex-
tracted/injected at Krafla and Bjarnarflag. Instead of using a single Mogi source for each
of the geothermal areas as above, here we used the extraction and injection rates at each
of the boreholes to predict the deformation field. In this model, we include an array of
Mogi sources, with one Mogi source for each borehole utilized. To keep the model sim-
ple, we assume the extraction/injection of geothermal fluid happens at the similar level
in the geothermal reservoir and thus choose to have the same depth for each of the Mogi
sources. In this approach, there is a Mogi source at each location where boreholes intersect
the given depth. A total of 35 Mogi point sources of pressure are considered, about 25 of
them being concentrated in a 3 km by 2 km area in Leirbotnar. In this approach one can
expect a violation of the assumption of a Mogi model, that each source should be located
in an homogeneous half-space and not interact with other sources. Pascal et al. (2014)
studied the interaction of such nearby pressure sources and found discrepancies to become
significant for a source separation less than four times the radii of the sources (up to 20%).
Therefore, this model approach can provide insights into the relation between geothermal
utilization and observed deformation but the estimated values should be taken with care.
We thus here only consider a model where the volume change (in m>) of each source is
set proportional to the mass (in tons) of water extracted/injected at the borehole it models.
Such a model can test if the observed surface deformation can be related to the array of
utilized boreholes in each of the fields.

We set up a grid search to find the depth and which proportion of the extracted/injected
volume best explains the surface deformation. The regional model parameters are also
inverted for during this search. Following trial and error, we considered a depth range
from 500 m to 2500 m, in steps of 200 m, and a proportion of extracted/injected mass

in the range from 0 to 30x10~3 m3/ton in steps of 2x10~> m3/ton. The volume change
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of the pressure source below Leirhnjikur was kept free to account for possible changes
in the magma chamber. We searched for the best depth and proportion for each period
at Krafla only, Bjarnarflag only, and both Krafla and Bjarnarflag simultaneously. Results
for Bjarnarflag only indicate a best depth a 2500 m (the search range upper boundary) for
each time period and a variable best fitting proportion. Results for Krafla only are simi-
lar to results for both Krafla and Bjarnarflag simultaneously. For 1993-1995, 1995-2000,
2000-2003, the best depth is close to 1900-2100 m and the best proportion is 24-28x1073
m3/ton. For later time intervals (2004-2010, 2009-2014, 2012-2015), the best depth is
about 700-1100 m and the best proportion about 4-6x1073 m>/ton. Grid search results
show a clear trade-off between the depth and the proportion, the deeper the sources are
the larger the proportion needs to be. Considering all the time intervals gives an overall
minimum at a proportion of 6x10~> m3/ton and a depth of 900 m. When ignoring the
2012-2015 interval, which has somewhat poorer fit than the other intervals, we find an
overall minimum at a proportion of 8x10~3 and a depth of 1100 m. We demonstrate re-
sults from this model for a depth of 1000 m for Mogi sources and a volume change equal
to 8x10~2 m3/ton of the extracted/injected mass of geothermal fluids (Figures S7 to S12
in Supplementary Material). The regional deformation parameters and the Leirhnjukur
volume change were inverted for using the same approach as in section 3.2.1. The pre-
dicted regional deformation (Fig. S13 in Supplementary Material) is very similar to the
one predicted by the model with a single source at each geothermal area (Fig. 9) and the
Leirhnjikur source appears to deflate only during 1993-2003.

Pressure and temperature has been monitored in selected wells in the Krafla and Bjarnarflag
areas that are not in utilization, revealing some changes over time but also variation from
one well to another (e.g., Egilson et al., 2015). At Krafla, a long time series of observa-
tions in well KJ-10, not perturbed by direct utilization from any nearby well, indicates a
systematic cooling at observation depth of 800 m depth by about 0.5°C/year since 1976.
At this well the main signal in the pressure history is a drop of about 5 bar, mirroring
an increase in production, with most of this change taking place 1995-1997 and smaller
fluctuations thereafter. In Bjarnarflag, a time series of pressure and temperature change
is available from 600 m depth in hole B-5, the deepest level of observation in that area.
Pressure has remained relatively stable since 1987, with fluctuations less than 0.5 bar and
no long term change. Temperature has also remained stable; since 2002 the cumulative

temperature change has been less than one degree, with some irregular variations in an
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earlier time interval from 1985-2002 on the order 5-10 degrees. It is, however, uncertain if
these conditions at monitoring wells are representative of the deeper parts of the geother-
mal areas and the crustal volumes next to boreholes in utilization. In general, some mining
of heat related to enhanced water flow can be expected in areas of geothermal utilization.
We explore the hypothesis that thermal contraction contributes to the observed defor-
mation. Such approach has been taken by Ali et al. (2016) using a series of dislocation
sources to explain deformation at the Brady Hot Springs geothermal field (Nevada). Here
we consider thermal contraction taking place in spherical sources. For that purpose we
seek a relation for equivalence between a Mogi source volume change and change due
to thermal contraction of a spherical volume. We use equations 2a (first half) and 2c in
Masterlark and Lu (2004), and the relation between internal pressure change in a Mogi
source, AP, and its volume change AV),e; Which equals APTR /G , where r is the radius

of the source and G the shear modulus. Combining these we find:
AVM()gi = ATV;04 ()

Temperature change of AT in a spherical volume V; produces the same surface deformation
field as Mogi source, with volume change given by the above relation were o is the
linear coefficient of thermal expansion. Therefore ATV;, the volume of cooling times
the temperature change in this model, can be directly derived from the previously found
volume change of the source AV)y,,; by dividing it by o,. Considering o, = 1 X 1073 °C!,
the average volume change of -6.6x10* m3/yr found when inverting for a single source at
Krafla requires ATV; = -6.6x10° m>-°C/yr. If temperature change of the reservoir would
be -0.5°C/yr, then a volume of 13.2x10° m? (a 1.5 km radius sphere) would be needed.
This shows that minor cooling of a geothermal reservoir, difficult to detect at boreholes in
utilization, could contribute to the deformation fields at Krafla and Bjarnarflag.

In the case of the model with a source at each of the boreholes, we found a proportion
of 8x10~3 m3/ton between the source volume (AVMogi) and the geothermal fluid mass ex-
traction/injection (M,y). Using equation (2), we find that ATV, /M,r = 800 m3-ton!-°C.
Therefore, over a year, for a cooling of 0.5°C, the volume of cooling rock is approxi-
mately 1600 m3/ton of the mass of extracted geothermal fluid. For geothermal extraction
rate of 5x10° tons/yr like that of a "medium producing well" at Krafla, the resulting cool-
ing volume would be 0.8x10° m? (a 576 m radius sphere). Energy balance (e.g. Ali et al.,

2016) can be used to evaluate how much heating of water or boiling in the roots of the
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geothermal system would be required for this heat mining to take place (see section 3 of

Supplementary Material).

4. Discussion

The preceding analyses assume the observed deformation processes can be modeled
with deformation sources embedded within a uniform elastic halfspace. For the geother-
mal areas, we decide to keep our models as simple as possible by only considering pressure
point sources. Future studies with alternative approach, such as finite element modeling of
a thermo-poro-elastic behaviour considering fluid flow (e.g., Rinaldi et al., 2010) may pro-
vide further insight. Despite simplicity, our models and observations confirm significant
deformation due to geothermal processes both in the Krafla and Bjarnarflag areas. Within
our study period, the deformation rate at Krafla was highest in the 1990’s, but became rel-
atively stable after around 2000 (InSAR time series in Fig. 3—6). This observation is also
confirmed by inversion results (Figs. 9 and 10). In Bjarnarflag, observations (Figs. 3-6)
indicate that the rate of deflation may have increased somewhat during the study period.
This trend is also visible in the inversion results (Fig. 10).

The model with a single source at Krafla and Bjarnarflag and the model with a source
at each borehole in utilization provide a similar fit to the data (Figs S1-S12 in Supple-
mentary Material). Both model also find a reduction of the deformation rate of the non
geothermal sources (Fig. 9 and Fig. S13 in Supplementary Material). There is large defla-
tion signal associated with the shallow magma chamber during 1993-1995, in the model
with a single source at Krafla and Bjarnarflag (Fig. 9C). It is then very small (< 3x10* m?)
for 1995-2003 before becoming insignificant in the later time intervals. In the model with
the source at each borehole (Fig. S13C), the decay is not as abrupt and the deflation is
more significant in 1995-2000 and 2000-2003 (~7-8x10* m?). These results are in agree-
ment with the exponential decay with time of the pressure variation in the shallow magma
chamber beneath Leirhnjikur inferred by Sturkell et al. (2008).

The main difference between the two models is that while the volume change of the
source is kept free in the first model (Fig. 10), it is locked to the utilization of geothermal
fluid in the second model (Fig. S14 in Supplementary Material). In the first model, the
inferred volume changes are similar for both the Krafla and Bjarnarflag geothermal areas
between 2004 and 2015 (Fig. 10). However, more than four times the amount of geother-

mal fluid was extracted at Krafla after 2004 compared to Bjarnarflag (Fig. 2). Re-injection
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of geothermal fluid at borehole KJ-26 in Leirbotnar became significant after 2003 and may
reduce the deflation rate Krafla of the Krafla geothermal area. However, only a third of the
extracted fluid is being re-injected, and Krafla net extraction rate is still more than three
times Bjarnarflag extraction rate. In addition, injection would reduce the deflation signal
in the case this signal is cause by pressure decrease in the reservoir but not in the case the
deflation is caused by thermal cooling, in which case the injection will induce additional
cooling and deflation. This could also indicate a faster heat influx in the Krafla geothermal
reservoir than in the Bjarnarflag geothermal reservoir. Another explanation could be that
the deflation of the Bjarnarflag geothermal areas is increasing with time (Fig. 10) due to
process other than geothermal fluid extraction. This apparent increase in deflation rate
could suggest that the Bjarnarflag source is trying to account for the diminishing rate of
deflation along the fissure swarm and is more sensitive to it than the Krafla source. A
third explanation could relate to the fact that the shape of the deforming area is different
at Krafla and Bjarnarflag, but a similar point pressure source model is used for both areas
in the inversion process, and could therefore influence the volume inversion results.

In the model using information about geothermal fluid extraction/injection, we find a
greater depth and higher proportion for the first time intervals (1993-1995, 1995-2000,
2000-2003) than for the following time intervals. One reason for that could be the lack
of GPS data for the earlier time intervals that can put additional constrains to the later
time intervals. Another reason could be that the model is trying to account for some
deeper seated deformation signal between 1993 and 2003 which could be from volcanic
or geothermal origin. In the latter case, this could be a response of the Krafla geothermal
reservoir to the increase of geothermal fluid extraction by factor of two during the 1990’s.
For Bjarnarflag, this model has a maximum of subsidence below the array of boreholes
while the observed maximum is located further to the west. In the case that the observed
deformation is solely the effect of geothermal extraction in Bjarnarflag, this would imply
a path for geothermal fluid to travel from beneath the high deformation area to the array
of boreholes.

In our model based on information about extraction and injection of geothermal fluid,
we explored the possibility that thermoelastic contraction of 0.5°C/yr near the boreholes is
causing most of the observed deformation. To generate the same amount of deformation,
poroelastic contraction over the same volume would require a change of 11 bar/yr (see

section 4 of supplementary material). However, borehole logging (Egilson et al., 2015)
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shows no indications of significant pressure loss in recent years at the boreholes mea-
sured. Therefore, if poroelastic contraction is the source of the deformation, the pressure
drop in the geothermal reservoir would have to be very small (<0.1 bar/yr). This would
then indicate that the geothermal reservoir is unrealistically large (about 1.2 x 10'? m?,
a 6.7 km radius sphere ; see section 4 of supplementary material). Therefore we suggest
that thermoelastic contraction is the dominating source of deformation in our study area,
similarly as suggested by Im et al. (2017) for geothermal utilisation in the long term, when
pressure conditions in geothermal reservoirs remain relatively stable.

The elongated pattern of contraction and subsidence along of the Krafla fissure swarm
could be caused by a combination of processes: i) thermal contraction along the Krafla
fissure swarm (Sigmundsson et al., 1997), ii) post-rifting adjustment (Ali et al., 2014),
and iii) local subsidence caused by plate spreading over a structural weakness in the crust
(Pedersen et al., 2009; Islam et al., 2016). The simple analytical models presented here
cannot differentiate between the possible contribution of each of these sources. This sig-
nal appears to slowly decay with time, consistent with expected behavior of post-rifting
adjustment and also eventually from a thermal contraction signal.

For 2009-2014, the best fitting closing rate along the fissure swarm inferred from the
regional deformation field (~28 mm/yr, Table 2) is smaller than the best fitting closing
rate inferred from the local deformation field (~41 mm/yr, Table 3). The difference be-
tween these two values indicates that additional contraction along the fissure swarm may
occur locally in the Krafla and Bjarnarflag areas. It can’t be excluded that part of this
additional contraction signal along the fissure swarm would be influenced by geothermal
fluid extraction. Most of the fractures crossing the geothermal reservoir are expected to
follow the direction of the fissure swarm, and the geothermal fluid extraction is supposed
to occur along these fractures. Therefore part of the deflation signal might follow the
fissure swarm. However, no model is presented here to explore this possibility. A numeri-
cal modeling approach would be required (e.g., finite element modeling) to allow a lower
permeability along the fissure swarm than outside it.

Since 2004, we observe about 5-8 mm/yr of subsidence in Krafla for a net extrac-
tion rate of 6-9 Mtons/yr of geothermal fluid. This is about a 1 mm/yr of subsidence per
Mtons/yr of net extraction, which is fairly similar to another geothermal power plant lo-
cated in Hellisheidi (SW Iceland). There the current subsidence rate is about 20 mm/yr for

an extraction rate of about 38 Mt/yr and injection rate of about 22 Mtons/yr (Budzifiska,
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2014; Juncu et al., 2017).

The approach we suggest here to define areas of high deformation gradients (Fig. 7) re-
veals that in addition to Leirhnjikur, Leirbotnar, and the western boundary of Bjarnarflag,
there is a high deformation area west of Hvithélar. No boreholes have been extracting or
injecting water in this area, and no activity was recorded there during the Krafla rifting
episode but it was difficult to access. The gradient of deformation in this area appears to
have decayed with time, making future ground studies less likely to provide information
about the deformation process taking place. Existing InSAR data is thus probably the best
source of information about this signal.

The models presented here provide a reasonably good fit to the observed deformation.
However, a few points would need to be address in further studies of the area. InSAR
residuals (Figs. S1 to S6 in Supplementary Material) show a similar pattern depending if
the satellite track is ascending or descending. In ascending InSAR time series (Envi T230,
TSX T56, TSX T147, and RS2), residuals show a NE-SW gradient. In ascending InSAR
time series (ERS T9, T52, T281, Envi T281, TSX T49, there is a negative residuals area
east of the central axis of the fissure swarm. These residuals indicate that some deforma-
tion processes are not properly accounted for in the current model. The deep inflation and
the deep deflation below the Krafla volcanic system explain the observations reasonably
well, especially in the North direction. However, this two sources model is likely to be a
simplification of a more complex regional deformation processes. Post-rifting relaxation is
expected to have generated observable deformation between 1993-2015 (Ali et al., 2014).
The deep inflation and deflation model presented here could indicate magma migration at
depth and/or pressure re-equilibrium of the magma system after the intrusions occurring
between 1975-1984. A detailed numerical model of the 1975-1984 rifting episode and
post-rifting signal, considering variable material properties, would be required to validate
these hypotheses.

There is an increasing demand for geothermal energy in Iceland. A new power plant
is under construction in Peistareykir, 20 km NW of the Krafla caldera. It will have an
initial production capacity of 90 MW, and is designed for up to 200 MW. GPS and InSAR
have been acquired over the area for over 20 years, and plans are to monitor closely the
ground deformation when the new power plant enters in production. The GPS network
was densified in 2010 and a new continuous GPS station (THRC) was installed in the

region in 2011.
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Finite element modeling, taking into account the topography, the rheology, and the
thermal structure in the Krafla area, as well as time-dependent processes, is warranted
for further study of the various deformation processes taking place in the area. How-
ever, deformation measurements alone are not sufficient to constrain all the parameters of
this model. Therefore, there is a need in further modeling to consider additional datasets
providing complementary constrains e.g., seismic tomography, MT, gravimetry surveys,
boreholes recordings, and petrology. Such model would be better suited to search for the
processes responsible for the deflation signal along the fissure swarm and if any part of

this signal could be caused by geothermal fluid extraction.

5. Conclusions

Leveling, GPS, and InSAR observations between 1993 and 2015 show that, in addition
to the complex regional deformation, local surface displacements occur at two geothermal
areas in the Krafla volcanic system. After discriminating between regional and geothermal
processes, we infer that geothermal processes cause subsidence in both areas at an average
rate 5 mm/yr. An elongated contraction and subsidence signal along the Krafla fissure
swarm indicates eventual thermal contraction, readjustment following the Krafla rifting
episode, and/or plate spreading over a weakness in the crust. Apart from the plate spread-
ing, the regional deformation field decays with time and thus may reflect a post-rifting
relaxation signal. There is no post-2003 evidence for significant pressure change in the
magma chamber below Leirhnjikur which was active during the Krafla rifting episode. A
single Mogi source at each geothermal area appears to give similar results to a modeling
approach using an array of Mogi sources (one source for each borehole). When using a
model with a Mogi source at each borehole, the ratio between the source volume change
and the mass of geothermal fluid extracted is about 8x10~> m3/ton, and the inferred depth

of extraction is about 1 km.
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Figure 1: A) Footprint of SAR satellites tracks in the Northern Volcanic Zone of Iceland. Background shows
glaciers (white), water bodies (blue) and shaded terrain (from green to brown for low to high). The elements
of the Peistareykir (P), Krafla (K), Fremrindmar (F), Askja (A), Kverfjoll (Kv), and Bardarbunga (B) vol-
canic systems include central volcanoes (dashed lines) and their fissure swarms (transparent gray areas).
B) Krafla and Bjarnarflag area. Leveling benchmark (yellow circles), GPS benchmarks (green triangles),
continuous GPS sites (green triangles and white hexagons), and boreholes (blue hexagons). Background
shows shaded topography, Krafla caldera (comb lines), 1975-84 lavas (dark gray area), and main road (black
line). C) Krafla area. Boreholes which were used for production between 1993 and 2015 are shown with
purple hexagons, and those which were not used during this period are shown with gray hexagons. Path of

boreholes which are not vertical are shown with blue lines. D) Same as C for the Bjarnarflag area.

Figure 2: Overview of data collected at Krafla and Bjarnarflag areas since 1993. A) Number of leveling sites
surveyed each year. B) Number of GPS sites surveyed each year. C) InSAR time series coverage for each

track. D) Water and steam extraction and injection at Krafla and Bjarnarflag power plants.

Figure 3: Overview of ground deformation measurements between 1993 and 2003. A) Vertical velocities
(arrows with yellow head and black lines) derived from leveling measurements between 1995 and 2005
(referenced to the yellow star location). Extraction (red) and injection (blue) rates for boreholes between
summer 1993 and summer 2004 are shown by the histogram bars and their associated colored hexagons.
Background shows shaded topography, Krafla caldera (comb line), 1975-1984 lavas (gray area), and main
road (black line). B) ERS T9 InSAR time series. Left: Average LOS velocity for each PS. Profiles (colored
dotted lines), sampling area for time series (black circle), and satellite look direction (arrow) are indicated.
Up: profiles across the Krafla geothermal area (blue), the Bjarnarflag area (red), and between (green). Right:
time series of average LOS displacement at Krafla (blue) and Bjarnarflag (red) sampling areas. C) ERS T52
InSAR time series. D) ERS T281 InSAR time series.

Figure 4: Overview of ground deformations measurements between 2004 and 2010. Data presented in the
same way as in Fig. 3, with addition of GPS vertical velocities (green arrows) and horizontal velocities

(purple arrows) shown in A).

Figure 5: Overview of ground deformations measurements between 2009 and 2014. Data presented in the

same way as in Fig. 4.

Figure 6: Overview of ground deformations measurements between 2012 and 2015. Data presented in the

same way as in Fig. 4.
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Figure 7: (Upper) Areas of high deformation gradient derived from stacking all InSAR time series. (Lower)
Areas of high deformation gradient derived from stacking InSAR time series for each time interval. Re-
sults in areas of high slope are masked out. See Section 2.5 for explanation. Background shows shaded
topography, Krafla caldera (comb lines), and main road (black line). Placenames of interest are indicated
(Lh: Leirhnjikur, Lb: Leirbotnar, H: Hvithdlar, B: Bjarnarflag). Boreholes which were used for production
between 1993 and 2015 are shown with blue hexagons. Path of boreholes which are not vertical are shown

with blue lines.

Figure 8: Time interval 2009-2014: GPS horizontal (first row), GPS vertical (second row), resampled TSX
T49 (third row), resampled TSX T56 (forth row). Data (first column), model (second column), and residuals
(third column). Model includes point pressure sources (white circles), plate spreading (dashed line), and a
narrow elongated sill (striped line). The sources (listed in Table 2) are shown color coded in the first row
middle column, with the same colors used in Figs. 9 and 10: narrow elongated sill (orange), Bjarnar flag
(light blue), Leirbotnar (green), Deepjy fiation (ted), and Deepgefiaion and Leirhnjkur (dark blue). Note
that the Deepyefiation source is directly below Leirhnjukur and therefore both appear as a single point.

Background shows caldera rim (thin line), 1975-1984 lava field (gray area), and main road (black line).

Figure 9: Inversion results for tectonic and magmatic sources for different time intervals (see Section 3.2.1
for explanations). A) Closing rate of the sill. B) Volume change of the Deep,fiarion source (red) and the
Deep e fiation source (blue). C) Volume change of the shallow deflation source beneath Leirhnjiikur (red).
Error bars show time interval (X-axis) and 95% confidence interval (Y-axis). Parameters values are given in

Table 3.

Figure 10: Inversion results for geothermal sources for different time intervals (see Section 3.2.1 for ex-
planations). A) Volume change of the deflation source beneath Leirbotnar (line) and water and steam net
extraction rate at Krafla power plant (bars). Error bars show time interval (X-axis) and 95% confidence
interval (Y-axis, only for shallow pressure sources). Parameters values are given in Table 3. Net extraction
rate derived from the same data as shown in Fig. 2D. B) Volume change of the deflation source beneath
Bjarnarflag (line) and water and steam net extraction rate at Bjarnarflag power plant (bars). C) Comparison
of the cumulative volume change of the sources beneath Krafla (dark green) and Bjarnarflag (dark blue) with
water and steam cumulative net mass extraction at Krafla (light green) and Bjarnarflag (light blue) power
plants. For each year, the cumulative volume change is calculated by adding the estimated yearly volume
change (as shown in A and B) over the year. In case of overlapping time periods studied, the average of the

estimated yearly volume change is used.

24



Table 1: Dataset for each time intervals. For 2004-2010 and 2009-2014 time intervals, only GPS sites with
at least 3 years between their first and last measurements during these time intervals were considered. For
2012-2015, only GPS sites with at least 2 years between their first and last measurements were considered.
Each dataset consists of the average velocities derived over the time interval (InSAR and GPS), or the

enclosing time interval (leveling).

‘ 1993-1995 ‘ 1995-2000 2000-2003 2004-2010 2009-2014 2012-2015
GPS - - - 2004-2010 2009-2014 2012-2015
leveling - 1995-2000 2000-2005 2005-2010 - -

InSAR ERST9 | ERS T9, T52,T281 | ERS T9, T52 | Envi T230, T281 | TSX T49, T56 | TSX T147, RS2

Table 2: Best fitting model parameters of the regional deformation signal 2009-2014. Parameters indicated
with * were inverted for (see text). Full description of the spreading segment models and their parameters

are given in Drouin et al. (2017).

Mogi sources Lon.[°’E] Lat.[°N] Depth[km] AVolume[m3/yr]

Deepinfiation -16.730 65.832 21.5 6.0x100%

Deepye fiation -16.7975  65.7150 21.5 -9.0x106%

Leirhnjukur -16.7975  65.7150 2.5 -0.09x10°

Leirbotnar -16.76718 65.70751 1.5 -0.04x10°

Bjarnarflag -16.86294  65.63937 1.5 -0.04x10°

Spreading segments | Lon.[°’E] Lat.[°N] Lon.[°’E] Lat.[°N] Locking depth[km]

HFF4 -16.726 65.884 -17.349 66.047 6.3

GOR3 -16.726 65.884 -16.580 66.242 4.5

Krafla -16.798 65.70 -16.726 65.884 6

Fremirinamar -16.592 65.37 -16.798 65.70 8

OkKkada sill Lon.[°E] Lat.[°N] Lon.[°E] Lat.[°N] Depth[km] Width[km] Closing rate[mm/yr]
Fissure swarm -16.893 65.544 -16.549 66.190 3.3% 0.6* -28%

Table 3: Best fitting model parameters for each time intervals. Sources details are given in Table 2. The

search range used in inversion for each parameters is also indicated.

Sources Parameters Search range | 1993-1995 1995-2000 2000-2003 2004-2010 2009-2014 2012-2015
Deepinfiaion  Volume change [x10° m*/yr] 0to 40 35t 3513, 3313, 1479 6+¢ 13
Deepyefiaion  Volume change [x106 m/yr] 0 to -40 —29f%] —27ﬁ(‘) —30f§2 —22f:? —l7fé0 -21f§
Fissure swarm  Opening [mm/yr] 0to -100 578 58713 5271 45+ 410 33712
Leirhnjukur ~ Volume change [x10* m3/yr] | 0to-20 159178 29720 24720 0672 07795 0713
Leirbotnar Volume change [x10* m*/yr] | 0to-15 92728 jo4ttt 9243 26020 42f%) 58138
Bjarnarflag  Volume change [x10* m*/yr] | 0to-15 08%7% 17t 7Y sefd 4232 103133
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Highlights

e Local subsidence of about 5-8 mm/yr is observed at geothermal areas

e A pressure source at each utilized borehole can reproduce well the deformation
field

o Deformation could possibly relate exclusively to rock cooling down in the
reservoir

e Exponential decay of pressure in a shallow magma chamber beneath Krafla is
observed



