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ABSTRACT

We study local deformation induced by geothermal utilization of the high-temperature Reykjanes system, SW-Iceland, since 2006
when a new 100 MWe power plant began operation. Using interferometric analyses of synthetic aperture radar (INSAR) of images
acquired by the Sentinel-1 satellites, we provide an update of the time series of surface displacement above the geothermal reservoir
for the 2015-2019 time period. Results from previous studies showed that the highest rates were observed for the 2005-2008 period,
where the main deformation area was aligned along the Reykjanes fissure swarm in the vicinity of the power plant. From 2009, the
deformation zone narrowed to a 2-km wide circular subsidence bowl centered on the well field accompanied by a decrease in the
maximum subsidence rate. The decrease in the rate of volume change together with the migration of the best-fitting source toward
shallower depth between the 2005-2008 and 2009-2019 periods was attributed to a change in the deformation processes within the
reservoir. While deformation in the 2005-2008 period was related to the compaction of deep rocks as a result of a 3 MPa pressure
drop in the initial years of geothermal production, the continuous subsidence since 2009 was attributed to a combination of both
poro- and thermo-elastic compaction within or near a steam zone, formed in the topmost part of the reservoir in response to this
pressure drop. Time-series of range change in the satellite line-of-sight (LOS) for the 2015-2019 period confirm the continuous
deflation in the area of maximum geothermal utilization, at an increased rate during the 2018-2019 interval. A total subsidence of
about 330 mm together with horizontal contraction towards the center of deflation of up to about 170 mm is inferred for the 2006-
2019 period. The average ascending and descending LOS velocities are used to invert for the characteristics of the deformation
source for the 2015-2019 and 2018-2019 time periods, modeling the reservoir as a body of simple geometry within an elastic half
space. Results for both periods indicate a best-fitting source at ~1.4 km depth contracting at a rate of about —0.9x105 m3yr—1. This
is comparable to values found since 2006, despite the higher deformation rates in the central area of deformation. Pressure
measurements in boreholes since the end of 2017 indicate renewed pressure decline at 1.6 km depth that correlates well with the
increase rate of subsidence and contraction rates observed in the center of the deformation field since 2018. However, we suggest
that more time and further work is necessary for the effects of this pressure drop to reach the surface and to be able to determinate
more precisely the characteristics of the deformation source from 2018, through inverse modeling of geodetic data.

1. INTRODUCTION

Since the 1990, Interferometric Synthetic Aperture Radar (InSAR) satellite imaging methods have been increasingly used to study
ground deformation induced by geothermal utilization. The combined used of GPS-Geodesy and INSAR has proven to be an
efficient tool to monitor long-term changes within geothermal reservoirs. We here undertake an extended interferometric analysis
of Sentinel-1 images acquired between 2018 and 2019 at the Reykjanes geothermal system, SW-Iceland, and integrate the result
into the long-term deformation history provided by studies from Parks et al. (2018) and Receveur et al. (2019) to understand
changes in the reservoir resulting from geothermal utilization in this area.

The high-temperature Reykjanes geothermal system (Fig. 1) is located where the Mid-Atlantic Ridge emerges on the southwestern
tip of the Reykjanes Peninsula in Iceland (Bjornsson et al., 1970). The geological structure consists of a highly fractured
superimposition of volcano-sedimentary strata and subaerial Pleistocene lava flows (Fridleifsson et al., 2014). The upper part of the
series is dominated by phreato-magmatic tuffs and breccias intersected by thin layer of fossiliferous marine sediments, mainly
found between 400 and 800 m depth (Fridleifsson and Richter, 2010). Below 1100 m depth, the sequence is dominated by
crystalline pillow basalts and breccias formed in deep-water environments. An increasing density of dyke intrusions are
encountered in wells below 1.5 km depth, and they dominate the sequence from 2.8 km depth (Franzson, 2004). The geothermal
reservoir is bounded by two main faults channeling recharge from the SW and forming a NE/ENE graben structure. The highest
temperatures at 1 km depth were measured in well RN-10, situated in the central part of this graben (Franzson et al., 2002). On
surface, an area of intense hydrothermal activity of about 2 km2 has been used to delineate the central part of the reservoir, where
the permeability and temperatures are the highest (Fridriksson et al., 2010). Assuming a thickness of 1500 m, the total volume of
the productive reservoir was estimated to be approximately 3 km?. Some productive layers have been identified within porous
formations at 800-1200 m depth, below the highly altered reservoir cap rock located in the 400-900 m depth range (Fridleifsson et
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al., 2014). However, most of the feed zones are fracture-related and irregularly distributed within the reservoir, the largest ones
being associated with sub-vertical fractures along or near dykes between 1.9 and 2.3 km depth (Franzson et al., 2002).

22042 -22014 -21°54

Legend

REGIONAL MAPS - BEDROCK GEOLOGY
|:|Glaciers, lakes and rivers

[JHolocene sediments

[ JHolocene historic lavas <1200 years
[:]Holocene prehistoric lavas > 1200 years
:]Tertiary/PIeistocene silicic extrusions
-Middle-Upper Pleistocene lava/hyaloclastites < 0.8 Ma
-Late Pliocene-Lower Pleistocene bedrock 0.8-2.6 Ma 4,

[:]Middle Miocene - Pliocene bedrock > 2.6 Ma gor
O

64°15

REYKJANES MAP - LAVA FLOWS

|:| Stampar 13th Century
Stampar ~2000 BP

[ Picrite shield >14000 BP

[[II1] Zones of surface alteration

STRUCTURES £ o)
D Central volcanoes  #e s & A
-=~-/ Fissure swarms s )
—— Fissures, fractures and lineaments Reykjanes Spreading

——— Main faults -22042 27014 ~21054
@ Crater rows

63°52

b ,fw_’/
direction

-22°44  -22°43  -22°42  -22°41 -22°39 -22°38 -22°?3_?

Aol
n n
o o
™ ™
© [t}
/
/ y
,/TEM resistivity boundary RN-34%Rn-33
[T
( Ve //
\ N7
- o o
Powerplant | n n
= |Main upflow o &
\ P ™ )
__\zone__ © )

@Production \
@ Injection

63°49
63°49

o] / [oe]
s 0 500 1000 m 3
o

-272°44  -22°43 -272°42 -272°41 -22°39 -22°38 -22°37

Figure 1. Geological maps. (a) Reykjanes Peninsula (Hjartarson and Saemundsson, 2014), showing central volcanoes (red
dashed lines) and the contours of the fissure swarms (orange dashed lines) after Johannesson and Saemundsson
(1998), fault and fissures (black lines) and the direction of plate spreading (blue arrows) after Clifton and Schlische
(2003). Inset shows the location of the map (black square) and the coverage of the Sentinel-1 ascending (T16) and
descending (T155) tracks in Iceland. (b) Reykjanes geothermal system (after Saemundsson et al., 2010) showing the
youngest lava flows and crater rows (red features) west of the area of high surface alteration (after Fridleifsson et al.,
2018). (c) Map showing the location of drillholes (red and yellow circled crosses) and the ground surface traces of
directionally drilled wells (black lines). Most of the wells are situated within the main upflow zone (red contour line)
identified from resistivity surveys by Karlsdottir and Vilhjalmsson (2014), centred on the Gunnuhver thermal area,
where the surface manifestation of hydrothermal activity is the highest. See legend for explanations of all symbols.

Geothermal production at Reykjanes was initiated in 1976 but the highest extraction rates were reached in 2006 when a new 100
MWe powerplant was commissioned. Up to 800 kg/s of fluid were extracted during the early production, resulting in a 3 MPa
pressure drop at ~1600 m depth between May 2006 and May 2009 that increased boiling conditions in the reservoir (Fridriksson et
al., 2010). While the main feed zones at 1.9-2.3 km depth are still liquid dominated, those situated between 800 and 1200 m depth
began to supply the wells with saturated steam in 2008 (Sigurdsson, 2010). That year, two relatively shallow wells, RN-27 and RN-
28, were drilled in the central part of the system down to 1225 m and 960 m depth, respectively, to produce directly from this steam
zone in the uppermost part of the reservoir (Fridriksson et al., 2010). In 2018, 21.3 Mt of geothermal fluid were extracted by 15
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deep production wells and the two shallow wells (Porvaldsson and Arnaldsson, 2017). Reinjection was initiated in 2009 at a rate of
15 kg/s to about 2.5 km depth to counterbalance pressure in the reservoir, and had continued to up to 5 wells at irregular rates,
averaging to 75 kg/s during the 2009-2018 time period, with a maximum of 146 kg/s in 2016 (Fig. 2).
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Figure 2: Net production rate (difference between extraction and injection rates) for all wells except shallow dry steam wells
RN-27 and RN-28, extraction rates for RN-27 and RN-28 and injection rates for the period 2003-2018.

Monitoring of ground deformation started in Reykjanes before the commissioning of the new powerplant in 2006. Previous studies
of deformation in this region include those undertaken by Keiding et al. (2010), Gunnarsson (2012), Michalczewska et al. (2014),
Parks et al. (2018) and Receveur et al. (2019). Parks et al. (2018) undertook interferometric analysis of Envisat and TerraSAR-X
data acquired between 2003 and 2016 to determine rates of displacement and provide constraints on the cumulative deformation
field caused by utilization. Timeseries of displacement were extended in Receveur et al. (2019) with the use of Sentinel-1 satellite
data spanning the 2015-2017 period, together with an analysis of the physical processes responsible for the observed deformation.

We here provide an update of the time series of deformation obtained from the INSAR analysis using Sentinel-1 images from March
2018 to May 2019 and evaluate deformation processes. We perform a probabilistic inversion of the Sentinel-1 data to determine the
optimal parameters for the deformation source during the periods 2015-2019 and 2018-2019, using our best fit geometry
configuration from earlier studies and compare the results with the production rates, pressure and temperature changes at depth, to
infer the physical processing responsible for the deformation.

2. METHODS

2.1 InSAR analysis

Synthetic Aperture Radar (SAR) images of Reykjanes from the period 2003-2019 have been utilized to study ground motion over
the geothermal reservoir. INSAR analysis determines the phase shift between SAR images acquired from approximately the same
location overhead but at different times by forming interferograms (e.g. Liu et al., 2017). As the satellite is “side-looking”, the
relative displacement value of each pixel in the interferogram is recorded as phase change, representing range change in the line-of-
sight (LOS) direction towards the satellite proportional to the radar wavelength (e.g., Massonnet and Feigl, 1998). In the absence of
errors, it corresponds to the projection of the three-dimensional (3D) displacement field onto the unit vector pointing from the
ground to the satellite (Eq. 1).

dios= —d * T (1)

where d; s, d = [dg, dy, dy,) and @ = [ug, uy, uy,] are the displacement in the LOS direction, 3D displacement field and unit
vector, respectively.

Ascending and descending interferograms covering the period 2003-2017 (Parks et al., 2018; Receveur et al., 2019) were formed
from sets of images acquired over the study area by three different satellites. Data from the ENVISAT satellite covering the period
2003-2009 and from the TSX satellite covering the period 2009-2016 were processed using the DORIS software (Kampes and
Usai, 1999). The STaMPS (Stanford Method for Persistent Scatterers) software (Hooper et al., 2007) was used to generate
independent time-series of displacement in the satellite's LOS for each period covered by the INSAR data and map the temporal
evolution of deformation in the vicinity of the Reykjanes power plant (Parks et al., 2018). For the period 2015-2017, Receveur et
al. (2019) used data from the two C-band Sentinel-1A and 1B satellites launched by the European Space Agency in 2014 and 2016,
respectively. Table 1 below summarizes the characteristics of each satellite and study period.
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Table 1. Summary of the characteristics of the satellites and images used for studies of ground deformation at Reykjanes in
previous studies (Parks et al., 2018; Receveur et al., 2019)

Satellite Wavelength Orbit Track Period covered i;(;;ls Heading Average LOS vector

ENVISAT Coband Ascending 173 09/2005-08/2008 7 339° | [-0,319;-0,123; 0,940]
-ban

Descending 138 2003-2009 24 201° | [0,395;-0,152; 0,906]

Ascending | 265013 09/2009-2016 59 349° | [-0,670;-0,130; 0,731]

TSX X-band - - -

Descending | 110 s008 2009-2016 31 193° | [0,531;-0,123; 0,839]

SENTINEL.L Coband Ascending 16 08/2015-10/2017 | 40 -13° | [0,545; -0,123; 0,830]
- -ban

Descending 155 04/2015-10/2017 | 44 -169° | [-0,605;-0,123;0,787]

In this study, we analyzed a total of 81 and 77 SAR images from Sentinel-1 ascending Track 16 (T16) and descending Track 155
(T155), respectively, acquired between January 2018 and May 2019. However, only 36 images from T16 and 27 images from T155
were retained for the final analysis, after removal of those significantly polluted by atmospheric noise, as judged by visual
inspection. This set of images was processed jointly with the set of 2015-2017 Sentinel-1 images used in Receveur et al. (2019)
(Table 1) to generate an extended time series of deformation covering the October 2015 - May 2019 period, following the same
approach.

Interferograms were formed using the INSAR Scientific Computing Environment (ISCE) software (Rosen et al., 2015). The
selected SAR images were co-registered to a single master image in each track, acquired on 20 August 2016 in T16 and 30 August
2016 in T155 (Fig. 3). For each track, average LOS velocity maps were generated over the Reykjanes area (Fig. 4). Displacement
rates were determined for pixels having a coherence higher than 0.3, as estimated by the ISCE software, using linear regression of
the LOS displacement values within the whole set of interferograms in series. In addition, we created time series of LOS
displacements for the average phase value of a set of pixels situated in the area of highest deformation of the ascending and
descending velocity maps (Fig. 5). This approach was applied in order to reduce potential effects from individual pixels with
significant noise.

In addition, we derive the vertical (“near-vertical”) nv and the east (“near-east”) ne component of the 2015-2019 deformation field
(Fig. 4) using a linear combination of the LOS velocities measured in the ascending and descending tracks (see Receveur et al.
(2019), and references therein). Those were used to estimate the cumulative displacement throughout the study period.
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Figure 3. Star graphs showing the perpendicular baseline (distance between satellite locations) and time interval for
interferograms used in the time-series analysis and generation of average velocity maps. Each dot corresponds to a
single image from Sentinel-1A (in blue) and Sentinel-1B (in green) and each line represents an interferogram. A total
of 70 interferograms have been formed from T155 images (left-hand panel) and 75 interferograms using T16 images
(right-hand panel).

2.2 Geodetic modeling

We invert the average LOS displacement rates obtained from the time series analyses to estimate the parameters of a contracting
source at depth that best replicates the 2015-2019 observations. A set of models representing deformation sources embedded within
a homogeneous, isotropic and uniform elastic half-space are considered. They are assumed to correspond to a part of (i.e. the steam
zone) or the total volume of the geothermal reservoir that causes the observed deformation. For the periods 2005-2008 and 2009-
2016, a point pressure source (Mogi, 1958) and an ellipsoid source (Yang et al., 1988) were considered (Parks et al., 2018). For the
period 2015-2017, a Mogi source (Mogi, 1958), a spherical source (McTigue, 1987), a planar horizontal square sill with uniform
closing (Okada, 1985) and a horizontal penny shaped crack (PSC) (Fialko et al., 2001) were tested (Receveur et al., 2019)
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In this study, INSAR data are inverted considering the best fitting sources for the 2015-2017 period: a penny shaped crack and a
horizontal square sill model. Inversions are performed based on a Bayesian optimization approach, using both the Geodetic
Bayesian Inversion Software (GBIS v1.0 ©2017 Marco Bagnardi), developed at the University of Leeds (Bagnardi and Hooper,
2017) and the modeling approach from Drouin et al. (2017), as explained in Receveur et al. (2019).

3. RESULTS

3.1 Background from previous studies

INSAR analysis from 2005 to 2016 (Parks et al., 2018) showed that in the initial years of production (2005-2008 period), the LOS
deformation signal at Reykjanes together with the near-vertical and near-east displacements are characterized by an elongated
elliptical shape trending in the NE-SW direction. During the 2009-2016 period, velocity maps reveal that the highest LOS and near-
vertical displacements are located in the center of a sub-circular deformation bowl centered on the well field. The near-east
displacement is also more focused and characterized by contraction towards the center of the zone of highest deformation. Results
for the 2015-2017 period covered by the Sentinel-1 data (Receveur et al., 2019) indicated similar deformation pattern compared to
the 2009-2016 one. They also confirmed the continuous decrease in the average rate of maximum subsidence measured in the most
deforming zone relative to the INSAR reference area situated to the east of the geothermal field. Using the near-vertical and near-
east velocities derived for each time period (Table 2), a maximum cumulative subsidence and contraction of -0.289 m and 0.148 m,
respectively, were inferred for the period June 2005 — October 2017.

Table 2. Summary of results from previous studies, including the LOS displacement rates, near-east and near-vertical
velocities in areas of maximum deformation and volume changes of the best fitting deformation sources for each

study period.
. . - LOS rate Best-fitting Volume Near-vertical /
Satellite | Orbit Period (mmlyr) model change Near-east displacement
Asc 18/06/2005-16/08/2008 -33 _— - -0.08 m
ENVISAT Desc | 16/06/2005-14/08/2008 | -2 | "ord (ellipsoid) | -23x10°m" | 907 mand + 0.07m
TSX Asc 29/09/2009-11/08/2016 -24 Mogi (point 1 x 1053 -0.19 m
Desc | 24/09/2009-17/08/2016 -21 pressure source) -0.12 m and +0.06 m
-0.260 m
TOTAL 2005-2016 (Parks et al., 2018) 0.140 m
. Asc 02/08/2015-14/10/2017 -16 . -0.9 x 105 -25 mm/yr
Sentinel-1 "bess | 02/04/2015-30/10/2017 -20 psc/sil me/yr -10 mm/yr and +5 mm/yr
TOTAL 2005-2017 (Receveur et al., 2019) -3.8 x 1053 é)lzfg m

Inverse models for the 2005-2008 and 2009-2016 time period were performed using the cumulative LOS displacements obtained
for each time period (Parks et al., 2018). The optimal source for the period covering the ENVISAT observations (2005-2008)
corresponds to a near-horizontal ellipsoidal source at about 2.2 km depth, displaying a volume change of —2.3 x 108 md. In the
period spanning the TSX observations (2009-2016), results indicated a volume change of —1.0 x 108 m3 for a best fitting point
pressure source situated at about 1.2 km depth. This decrease in the rate of volume change (from -7.3 x 10° m®yr in 2005-2008 to -
1.5 x 10° m®yr in 2009-2016) was confirmed by results obtained from the inversion of the average LOS displacement rates for the
period 2015-2017, covered by the Sentinel-1 data. The best fit was there obtained for a penny shaped crack located at a depth of
about 1.2 km, with a radius of 700 m and contracting by an amount of about -0.9 x 10° m3/yr. For all time periods, the locations and
the dimensions of the modeling sources suggest that the deformation originates from the area of maximum production, slightly to
the southeast of the hottest part of the system and north of Gunnuhver fumarole (Fig. 1).

3.2 InSAR results 2015-2019

LOS velocity maps for the whole 2015-2019 period reveal a relatively sub-circular deformation pattern centered on the geothermal
field (Fig. 4), as observed during the 2015-2017 time period (Receveur et al., 2019). Time-series analyses for the 2015-2019 period
reveal an average maximum LOS rate of -20 mm/yr for Sentinel-1 T16 and -23 mm/yr for T155 in the assumed zones of maximum
deformation, relative to the INSAR reference area. This reference area is situated near the STAD GPS station where a natural
subsidence at a rate of about 6 mm/yr was measured before production began in 2006 (Hreinsdottir et al., 2001). As subsidence of
this station has continued at a similar rate after the production began, using this point as a reference allows us reducing the
contribution of other natural deformation signals compared to those induced by geothermal utilization (Parks et al., 2018).

We also performed independent linear regressions of the LOS displacements from interferograms for the 2015-2017 and 2018-2019
periods separately to identify potential variations between the two periods. For both tracks, we observe an increase in the LOS
displacement rates, from -17 to -25 mm/yr for T16 and from -24 to -27 mm/yr for T155, for the 2015-2017 and the 2018-2019 time
periods, respectively. This corresponds to an increase in the deformation rates of about 47% for T16 and 16% for T155 in the latest
years relative to the 2015-2017 period (Fig. 5).

Results from the decomposition of the signal in near-vertical and near-east displacements show comparable patterns to the ones
obtained for both the 2009-2016 and 2015-2017 periods (Parks et al., 2018; Receveur et al., 2019). The maximum near-vertical
displacement rate, located in the central part of the subsidence bowl, is about -26 mm/yr relative to the INSAR reference area. The
near-east displacement field is characterized by a contraction towards the center of this zone of highest deformation, with an
eastward displacement of about 7 mm/yr of the western part of the field and a westward motion of about -11 mm/yr of the
easternmost part (Fig. 4). Details for the periods 2015-2017 and 2018-2019 are summarized in Table 3.
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Figure 4. (a) LOS velocities for T155 and (b) LOS velocities for T16. (c) Estimated near-vertical and (d) near-east horizontal
velocities; in mm/yr, for the period 2015-2019. The grey color indicates areas with coherence <0.3 in all
interferograms in the timeseries. The black square corresponds to the reference area and the dark blue squares
correspond to the sampling areas for the estimation of the average displacement rates. Sampling areas contain 218
pixels with coherence > 0.3 in T16, 160 in T155, 637 in the near-vertical velocity maps, and 1769 and 2201 pixels in
the western and eastern zones of the near-east velocity maps, respectively. The red dashed circle indicates the
location of the Reykjanes system, the thin red lines represent the faults of the fissure swarm (Clifton and Schlische,
2003) and the bold red lines correspond to the Litla—Vatnsfell and Skalafell faults.

As shown in Fig. 6, the highest rates of LOS displacement in the area of maximum change were observed during the first 2-3 years
of production (Parks et al., 2018), followed by an exponential decrease between 2008 and 2017. Based on the average 2015-2019
near-vertical and near-east velocities of -26 and 9 mm/yr, and on the values of cumulative subsidence and contraction in August
2016 estimated by Parks et al. (2018), we infer a cumulative subsidence of -0.332 m and a total contraction of 0.165 m for the
whole period June 2005-May 2019.

Results for the 2018-2019 period are more uncertain than those for the 2015-2017 period, due to the lower coherence in the area of
maximum deformation in the interferograms during this period (higher perpendicular baseline, with a maximum of -165 m for the
T155 2016 August 30-2018 October 25 interferogram). However, the analysis of Sentinel-1 data in the 2018-2019 period data
suggests an increase in the contraction and subsidence rates compared to the 2015-2017 period, in accordance with the increased
LOS displacement rates observed in 2018-2019 (Fig. 5).

Based on these results, we perform inversions of the Sentinel-1 INSAR data for the periods 2015-2019 and 2018-2019 to determine
the location and the volume change of the best-fitting deforming sources at depth during those time periods.
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Figure 5. Time-series analysis of the average displacement of a set of points situated in the middle of the most deforming

area, for pixels having a coherence > 0.3 in the selected interferograms. Error bars represent the uncertainty in the
average displacement. Dashed lines correspond to linear rates for the different periods. Due to the lack of pixels in
the area of maximum deformations in the 2018-2019 periods, the selected areas for determining the average LOS
rates (dark blue squares in Fig. 4) have been modified compared to the study of Receveur et al. (2019), which
explains the differences in the average 2015-2017 velocities given in Table 2. (a) Average LOS change of pixels within
the area (—22.687°E; —22.683°E; 63.820°N; 63.821°N) for T155 relative to a master image acquired on the 30 August
2016 (Fig. 4a). (b) Average LOS change of pixels within the area (—22.693°E; —22.689°E; 63.821°N; 63.823°N) for
T16 relative to a master image acquired on the 20 August 2016 (Fig. 4b).

Table 3. Summary of the average LOS, near-vertical and near-east displacement rates in the areas of maximum
deformation. Pixels in the near-vertical velocity map (Fig. 4c) are selected within the area (-22.693°E; -22.683°E;
63.820°N; 63.822°N). Eastward and westward displacements are sampled within the areas (-22.704°E; -22.695°E;
63.821°N; 63.826°N) and (-22.668°N; -22.659°N; 63.821°N; 63.827°N), respectively, in the near-east velocity map
(Fig. 4d).

Satellite Track Period LOS Rate (mm/yr) | Near-vertical / Near-east velocities (mm/yr)
Sentinel-1 Asc 02/08/2015-25/05/2019 -20 -26
2015-2019 Desc 02/04/2015-29/05/2019 -23 -11and + 7
Sentinel-1 Asc 02/08/2015-14/10/2017 -17 -27
2015-2017 Desc 02/04/2015-30/10/2017 -24 -12 and +6
Sentinel-1 Asc 01/03/2018-25/05/2019 -25 -26
2018-2019 Desc 23/03/2018-29/05/2019 -27 -13 and +11
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Figure 6. Time series of line-of-sight (LOS) displacement for the whole period 2003-2019 with error bars. The displacement

time series displays the difference between two reference areas. ENVISAT and TSX time series are from Parks et al.
(2018).
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3.3 Models

In this study, we performed inversion considering the best fitting sources for the 2015-2017 period: a penny shaped crack (PSC)
and a horizontal square layer horizontal sill (Receveur et al., 2019). LOS velocity maps subsampled in a regular grid of 0.002° x
0.001° in longitude and latitude were used as input for the sill model, inverted using the approach of Drouin et al. (2017) and
described in Receveur et al. (2019). Inversion for the PSC model were performed using the GBIS software, using jointly the T16
and T155 velocity maps subsampled using a Quadtree approach. In both approaches, LOS velocities are inverted relative to the
point (-22.564°E; 63.814°N) located close to the reference area for the INSAR maps. Modeling results are summarized in Table 4.

Table 4. Modeling results for the sill model obtained from the approach from Drouin et al. (2017) and for the penny shaped
crack (PSC), Mogi and Yang models, using the GBIS software, for the periods 2015-2019 and 2018-2019. 4# is the
opening rate, 4P/u the ratio of pressure change to shear modulus and 4¥ the volume change of the modeling sources.

2015-2019 2018-2019
Source PSC Sill PSC Sill
Number of data 1721170 3123 /2817 1431263 3296 / 3036
point T16/T155
Longitude —22.687-3268¢ —22.68773%557 —22.688-22:687 —22.688-2263¢
Latitude 63.820 83829 63.82283827 63.819 83812 63.823 &3827
Depth — 1436 21327 — 1790 2882, — 1205 1334 — 1788 Z5%,
Radius a (m) 245 418 221393
Size (m) 608 3507 608 1742
Ah (mlyr) —0.19 2593 -0.21299%
AP/ (x 107) —2.8798 -3.2239
AV (x 105) (m3/yr) —0.83 2982 —-0.97 2979 —0.69 258 —-0.91 2972

Modeling results for both the PSC and sill model indicate a source contracting by about -0.9 + 0.1 x 10° m%/yr in the 2015-2019
period. The volume change for the PSC is estimated from equation 2 (i.e. Rivalta and Segall, 2008).

AP AV

ap _ @

W 2a®
where AP/u, AV and a are the ratio of pressure change to the shear modulus, volume change and radius of the source, respectively.

This is in accordance with the results obtained for the 2015-2017 period (Receveur et al., 2019) and confirms the continuation of
the contraction of a deforming source at a near constant rate since 2015, and at a similar location. However, results for both models
reveal a source of smaller size, with the radius of the best fitting PSC representing about 1/3 of its 2015-2017 radius, and the length
of the sill source reaching half of its 2015-2017 size.

Independent results for the period 2018-2019 (Fig. 7) suggest no significant changes in terms of XY location or rate of volume
change for the deforming sources with respect to results for the entire 2015-2019 period (Table 4). The rate of volume change
continues at (0.7-0.9) x 105 m¥/yr for both models. In the PSC model, a higher AP/u ratio (about -3.0 x 10® against -9.9 x 10 in
2015-2017) compensates for the smaller size and slightly deeper location of the deforming source. The greatest changes are
observed for the best fitting sill model, that reveals a greater closing rate (about 20 cm/yr against 4 cm/yr in 2015-2017) of a source
located ~600 m deeper than in 2015-2017 (at about 1.8 km).
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Figure 7. Data, model predictions and residuals for the 2018-2019 PSC modeling source, for T16 (upper row) and T115
(lower row).

Modeling results for the 2015-2019 period thus indicate a similar volumetric contraction rate of the source as in the years since
2009 (Parks et al., 2018, Receveur et al., 2019). This is somewhat surprising, considering the higher rates of deformation in the
central part of the deformation field (Fig. 5). The decreases in the size of the best-fitting modeling sources by about 60% together
with the increase in depth of the best fitting sill source in 2018-2019 relative to the 2015-2017 period (Receveur et al., 2019)
moreover suggests that the source of deformation is changing. However, results are quite uncertain, as suggested by the wide
confidence intervals for the best-fitting sill model parameters (Table 4). This might be due to the lack of INSAR data in the main
deforming zone of the interferograms used as modeling input data (i.e. low pixel coherence).

4. DISCUSSION: RELATIONSHIP BETWEEN DEFORMATION AND PHYSICAL PROCESSES

Ground deformation above geothermal reservoirs is often attributed to poro-elastic or thermo-elastic processes, associated with
pressure change or cooling of the reservoir rock. Change in specific volume, v, relates to change in pressure, P, and temperature, T,
through the following equation:

L v ap — _
dv = yoe dT + P dP = va,dT — vcdP ?3)

where av and ¢ are the volumetric coefficient of thermal expansion and the compressibility of the fluid saturated material,
respectively.

In a liquid-dominated system, a decrease in pore pressure dP resulting from the depletion of fluid storage may lead to the
compaction of water bearing deposits due to increasing effective stress (Grant and Bixley, 2011; Terzaghi, 1925). Cooling of the
rock matrix under natural recharge or the reinjection of cooler fluid can also induce volumetric contraction. Vaporization processes,
which require the transfer of heat energy from the rock to the fluid may also lead to cooling in two-phase systems (e.g. Im et al.,
2017, Ali et al., 2016). Although the effects of pressure drop are generally dominant at the beginning of geothermal utilization, Im
et al. (2017) suggested that thermal contraction may become the main driver of deformation in geothermal reservoir, taking over
poro-elastic compaction when steady state pressure conditions are reached after a few years of production (Mossop and Segall,
1997). Thermal and poro-mechanical processes are however generally coupled in two-phase systems and can occur on various time
scales.

To better understand the processes responsible for the deformation at Reykjanes, Receveur et al. (2019) compared the inferred
depth of the best fitting deformation source for the different time periods with geological, temperature and pressure profiles,
together with an analysis of the production history of the reservoir. That study inferred a migration of the modeled source of
deformation from 2.2 km depth in 2006-2009 to 1-1.4 km depth in 2009-2017 together with the change in both the subsidence
pattern and the deformation rate since the end of 2008 was connected to the development of a steam zone in the uppermost part of
the reservoir (between 600 and 1200 m depth). The pattern of the decline in the rate of volume change of the best fitting sources
correlated well with the decrease in the rate of pressure drop measured at 1625 m b.s.l in the liquid dominated part of the reservoir
until end of 2015 (from about -0.5 MPa/year in 2003-2009 to -0.1 MPa/year in 2009-2015). During the initial 2003-2009 period,
both the shape of the best fitting deformation source (i.e. the ellipsoid) and the deformation pattern obtained from InSAR analysis
seems to coincide well with the alignment of the NE-SW striking fissure swarm at Reykjanes. It was therefore suggested that the
deformation was related to the compaction of deep basaltic rocks and dolerites in response to the large 3.0 MPa pressure drop and
its diffusion in the central part of the reservoir along deep permeable NE-SW striking faults.
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In 2015, a pressure decrease cumulating up to -3.8 MPa was measured at 1625 m.b.s.| relative to 2005. Between 2015 and 2017,
pressure however increased by about 0.15 MPa/yr at that depth in well RN-12, while a continued pressure decline at a rate up to -
0.2 MPalyr was measured at 925 m b.s.l. in the upper steam dominated part of the reservoir, resulting in an additional pressure
drawdown of about -1.7 MPa between 2009 and 2017 when compared to the observations at 1625 m b.s.l. (Fig. 8). Moreover,
despite no significant temperature change has been measured in the convective zone (below 1500 m depth) since production started,
cooling at an average rate of 4-5 °C/year had been suggested close to and within this shallow steam zone in the 2009-2015 period,
based on the monitored temperature in shallow wells RN-27 and RN-28 (Gudmundsdottir, 2016). The continued subsidence but at
lower rate since 2009 was therefore attributed to processes within the 400 m thick steam zone, including compaction within the
inferred steam zone of higher compressibility (about one order of magnitude higher than in the liquid dominated part of the
reservoir, as estimated in Receveur et al., 2019) and thermal contraction of the reservoir rock. The lateral extent of the modeling
sources in 2015-2017 indicates that this steam zone covers a surface area of about 2 km?, in accordance with the extent of the
geothermal manifestation on surface (Palmason et al., 1985).

Temperature at 1625 mbsl| Pressure drawdown at 1625 mbsl and 925 mbsl

300 P e R e e Y 1 T T T T T T T
_— e —&— Pressure drawdown at 1625 mbs| (RN-12)

- —&— Pressure drawdown at 1625 mbs| (RN-186)

—&— Pressure drawdown at 925 mbs| (RN-27) |

280 1 ox e

n

2]

]
T

.
L aete Y P
B epemass e ssessrsetetiesy "“-*‘“tu._

Temperature (°C)
R
o
Pressure drawdown (MPa)
o

P
‘\-'..'* ey
220 3F -
¢ e
/ . o
i . k‘\.\‘\r T
ZOOT q -4 . . ~3
| —*—RN-12 .
—#—RN-16 T
—
80 . . . . . . . 5 . . . . . . .
2008 2008 2010 2012 2014 2018 2018 2006 2008 2010 2012 2014 2016 2018
Time (years) Time (years)

Figure 8. Pressure and temperature monitoring in the production well RN-12 situated in the center of the well field and the
observation well RN-16 situated at the periphery, at 1625 m.b.s.l., together with pressure change in well RN-27 (925
m.b.s.l.)

Since the beginning of 2018, renewed pressure decline has been inferred at 1625 m.b.s.1, reaching -0.15 MPa/yr in well RN-16 and
-0.32 MPa/yr in well RN-12 (Fig. 8). This new decline is inferred to result from the significant increase in the net extraction rate,
from 437 kg/s in 2016 to 722 kg/s in 2018, partly explained by a decrease in reinjection rates from 146 kg/s in 2016 to 50 kg/s in
2017 (Fig. 2). Values of pressure and temperature changes at 900 m.b.s.I are not available for the period 2017-2019. However, one
suggests that the pressure decline measured at 1625 m.b.s.I might be favorable to the development of boiling conditions in the
reservoir and to the vaporization of liquid geothermal fluid. Such conditions were indeed already observed during the initial 2-3
years of geothermal utilization at Reykjanes, leading to the development of the steam zone. We can thus expect similar processes
during the period 2018-2019. After a reduction of steam recharge and/or the condensation of steam during the period 2015-2017
linked to both the increase in the extraction of steam directly from the steam zone in 2009-2016 and the increase in reinjection rate
until February 2017, changes in the production strategy would favor the recovery of steam from the end of 2017. The hypothesis of
an enhanced steam recharge in the steam zone is moreover supported by the increase in the mass extraction rates for the shallow
wells in 2018, especially for RN-28 that reaches its highest steam mass withdrawal of about 0.7 Million tons since 2015.

The increase in the maximum LOS, near-vertical and near-east displacement rates observed in the central part of the geothermal
field in 2018-2019 appears to be in accordance with the new increase in the rate of pressure decline in the reservoir. No significant
changes in the characteristics of modeled sources have been detected throughout the 2015-2019 time period (i.e. X/Y location,
volume change...), however results for the sill source suggest deformation is changing as it may be originating from a slightly
greater depth (~1.8 km) in 2018-2019 compared to 2015-2017. In addition, some residuals located NE from the main deformation
zone in T155 (i.e. see PSC model in Fig. 7) and elongated in the NE-SW direction in the sill model indicates that the deformation
field cannot be completely explained by the modeled single sources. Additional sources, such as a dipping rectangular dislocation
(Okada, 1985) or an ellipsoid (Yang et al., 1988) might be able to explain these residuals and potentially used to infer the possible
influence of the NE-SW faults of the fissure swarm on the deformation. Furthermore, we find assuming a shear modulus p of 10
GPa (Keiding et al., 2010) that a pressure change of -32 MPa/yr would be necessary to produce the volume change inferred by the
PSC model, which is about two orders of magnitude higher than the rate of pressure decline observed in monitoring wells in 2018-
2019. This is not realistic, especially when considering the small size of the best fitting 2018-2019 modeling sources compared to
2015-2017, and may suggest that a more complex modeling approach (i.e. implying a combination of shallow and deep sources) is
required to explain the recent deformation.

Based on our results, we therefore suggest that a combination of shallow and deep processes might explain the deformation
observed from 2018 at Reykjanes. The lack of consistency between the pressure decline measured at 1.6 km depth in 2018-2019
and the shallow depth of the best-fitting penny shaped crack (~1.2 km) might also be due to a potential delay before the effects of
pressure decline at depth are detectable by surface geodetic methods. A combination of increased depth for the actual deformation
source, the short period spanned since the pressure started to drop and the lower coherence in the 2018-2019 interferograms (i.e.
lack of input data in the area of maximum deformation) inhibits precise estimates of the deformation rates and thus of the
characteristics of the best-fitting deforming sources. Further monitoring of pressure/temperature changes and additional modeling
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work are therefore needed to identify realistic deformation sources and understand the processes occurring in the reservoir since
2018.

4. CONCLUSION

Ground deformation at the Reykjanes geothermal area during the 2015-2019 has been constrained by interferometric analysis of
Sentinel-1A and 1B radar images. LOS changes average to about 22 mm/yr in the satellite LOS in the selected area of maximum
deformation in both ascending and descending satellite tracks. When results from the two tracks are combined, the observations
reveal a subsidence bowl centered on the well field together with a horizontal contraction toward the center of the deforming area,
as observed since 2009. In the initial years of production, the wider deformation at Reykjanes suggested that the initial high
pressure drop measured between 2006 and 2008 in the geothermal system influenced a wider volume, bracketed by the boundaries
of the Reykjanes fissure swarm, elongated in the same manner as the displacement signal. After 2009, less crustal volume has been
responsible for the observed changes, attributed to more localized processes in the reservoir over time and a change in the
deformation mechanisms. Between 2006 and 2009, deformation has been explained by the compaction of deep reservoir rocks
favored by pressure diffusion along the NE-SW faults, while deformation between 2009 and 2017 was attributed to combined poro-
and thermo-elastic processes within a steam zone located in the upper part of the reservoir.

Comparison of time-series analyses during the periods 2015-2017 and 2018-2019 indicate an increase in the LOS deformation rates
during the latter period. In 2018-2019, near-vertical velocities reach -27 mm/yr in the center of the geothermal field together with
contraction toward the area of maximum subsidence at a rate of about 9 mm/yr. This increase in deformation rate in the last year
correlates well with a pressure decline measured at 1.6 km depth, in response to increased mass withdrawal since the beginning of
2018. However, the inferred rate of volume change (derived from the best fitting penny shaped crack and Okada sill models tested
in this study) appears to be constant throughout the 2015-2019 period. When modeled as a penny shaped crack, a depth of about 1.2
km is found in 2018-2019, in accordance with results for the 2015-2017 period. For the best fitting sill source, a greater depth of
about 1.8 km is indicated. The variability in the source depth combined with model residuals may indicate that deformation during
the 2018-2019 period is somehow more complex and cannot be fully explained by the models tested during this study. Further
monitoring and research are therefore required to precisely determine the source of the deformation above the Reykjanes
geothermal system since 2018, and to understand the reservoir processes responsible for this deformation since the new 2018
increase in production.
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