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A B S T R A C T   

In autumn 2017 a network of 14 broadband seismic stations was deployed at the Theistareykir high temperature 
geothermal field (NE Iceland). This experiment was conducted as part of the current efforts to characterize the 
field’s main structures, and possible short and long term stress variations due to the ongoing fluid injection and 
extraction operations which started in autumn 2017. In this work, we use two years of continuous seismic records 
(October 2017–October 2019) to compute a 3D shear wave velocity model of the geothermal field and to detect 
possible crustal stress changes related to the injection and production activities. From phase cross-correlations of 
the vertical component recordings, we measure the Rayleigh wave group velocity dispersion curves to obtain 2D 
group velocity maps between 1 and 5 s. Subsequently, we use a neighborhood algorithm to retrieve the 3D shear 
wave velocity model of Theistareykir. Mainly, two sets of elongated high and low velocity anomalies can be 
observed oriented in a NW/WNW direction, parallel to the lineaments of the active Tjörnes fracture zone. Ve-
locity reductions west of Ketilfjall and at Baerjafjall could indicate the location of upflow zones of the magmatic 
reservoir or hydrothermal system. We analyzed the temporal evolution of phase and amplitude of phase auto- 
correlations using the stretching technique and discuss their behavior in relation to the geothermal field oper-
ations. We notice a slightly stronger long-term velocity decrease in the reservoir region compared to outer re-
gions. This could be related to the mass depletion in that area (higher fluid extraction compared to the water 
reinjection). In summary, our findings show how a monitoring network can be set up to enable a detailed im-
aging and monitoring of reservoir behavior in general.   

1. Introduction 

Theistareykir is a high temperature geothermal field located in NE 
Iceland (Fig. 1a). It is situated atop the Mid-Atlantic Ridge (MAR), at the 
divergent boundary between the North American and the Eurasian 
plates, a region rich in recent volcanism, seismicity, and geothermal 
activity. Theistareykir was first investigated in the 70s in association to 
native sulfur mining (Grönvold and Karlsdóttir, 1975). Further research 
was conducted in the early 80s in Iceland’s efforts to systematically 
identify potential sites for geothermal heat and electricity production 
(Ármannsson et al., 1986). Electric production at Theistareykir started, 

however, in late 2017 due to its larger distance to populated areas 
compared to other identified high temperature geothermal resources. 
Until 2021, 17 deep wells were drilled with depths ~ 2.5 km. The 
recorded temperatures exceed 300∘C at 1.1 km depth in most wells, with 
the hottest well registering temperatures exceeding 350∘C at 2 km depth 
(Khodayar et al., 2018). Since spring 2018, the geothermal power plant 
at Theistareykir generates 90 MW electric power and is operated by the 
national power company of Iceland (Landsvirkjun) (Landsvirkjun, 
2016). 

First gravity, aeromagnetic, geologic, and tectonic maps were re-
ported by Grönvold and Karlsdóttir (1975) and Gíslason et al. (1984). 
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Between 1981 and 1984, Layugan (1981); Gíslason et al. (1984); 
Ármannsson et al. (1986); Darling and Ármannsson (1989) made first 
major geothermal assessments indicating an E-W enlongated heat source 
extending across a N-S tectonic structure (fissure swarm) connected to 
the active Theistareykir central volcano. From 1991 to 2000, the 
Theistareykir area was monitored intermittently (Ármannsson et al., 
2000). Later, Gautason et al. (2000) gathered the available knowledge to 
recommend first drilling sites which started in 2002. 

First Transient Electro Magnetism (TEM) soundings were performed 
by Karlsdóttir et al. (2006). Later, Karlsdóttir et al. (2012) computed a 
3D inversion of Magneto-Telluric (MT) and TEM data to obtain the 
field’s resistivity structure and better estimate the geometry of the heat 
source, the extents of the low resistivity cap, and the locations of upflow 
zones of geothermal fluid into the system. An uplift was reported below 
the Theistareykir area using GPS and InSAR techniques which was likely 
caused by magma accumulation at ~8.5 km depth between 2007 and 
2008 (Spaans et al., 2012; Metzger et al., 2011). Khodayar and Björnsson 
(2013) used aerial photos to identify the region’s fracture patterns. 
Khodayar et al. (2015, 2018) combined the available geophysical results 
with geological mapping, surface alteration, gas geochemistry, and 
water geochemistry (Gíslason et al., 1984; Saemundsson, 2007; Kris-
tinsson et al., 2013a, 2013b; Óskarsson, 2011) in a multidisciplinary 
analysis that defined the basis for the continuation of drilling targets at 
Theistareykir. Finally, Blanck et al. (2017a, 2017b, 2018, 2020) 

recorded and analyzed the local seismicity at Theistareykir using a 
seismic network of five stations, and the efforts to monitor the local 
seismicity are still ongoing. 

The start of electric production in 2017 triggered new studies to 
improve the characterization and monitoring of Theistareykir prior and 
during production. In this framework, a multiparameter network was 
installed to monitor the geothermal field’s response to the start and 
ongoing operations. A set of 27 time-lapse micro-gravity stations were 
measured at different time periods in 2017, 2018, and 2019 to analyze 
the field’s mass distribution changes (Portier et al., 2020). These data 
were complemented with 4 permanent gravity stations, 3 of which 
equipped with superconducting gravity meters deployed at the injection 
and extraction areas (Erbas et al., 2020; Forster et al., 2021). These 
permanent stations are equipped with GPS receivers, tiltmeters, and 
meteorological stations. Vertical displacements of periods prior and 
during production were obtained through an InSAR analysis by Drouin 
(2020). Finally, a set of 14 seismic broadband stations was deployed to 
support the permanent monitoring and to provide detailed insights on 
the seismicity, underground structure, and stress and deformation 
changes of the geothermal field (Erbas et al., 2020; Naranjo, 2020; 
Ágústsson et al., 2020). The present study expands on the available 
knowledge of the geothermal field and newly acquired seismic data to 
investigate the seismic structure and temporal velocity changes at 
Theistareykir. 

Fig. 1. a) A simplified tectonic map of Iceland showing the location of the Theistareykir geothermal field (black square) (modified from Árnason, 2020). Red broken 
lines show the spreading zones of the MAR, thin black broken lines show central volcanoes, and yellow areas indicate fissure swarms. The lineaments GOR (Grímsey 
Oblique-Rift), HFF (Húsavík-Flatey Fault), and DL (Dalvík Lineament) of the TFZ (Tjörnes Fracture Zone) are shown with blue lines. The TFS (Theistareykir fissure 
swarm) of the NRZ (Northern Rift Zone) is indicated with yellow letters. b) Temporary (red triangles) and permanent (blue and green triangles) seismic networks at 
the Theistareykir geothermal field. The location of panel c) is shown with white dashed lines. The yellow dashed lines indicate the region shown in Fig. 6. The HFF 
and DL are shown with blue lines, and the fissures swarms are indicated as yellow areas. c) Main exploitation area. The location of injection and production wells are 
marked with yellow and white circles, respectively. Approximate well deviations are shown as black lines. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Local earthquake tomography (LET) is a technique commonly used 
to investigate deep structures in seismically active geothermal settings 
(e.g. De Matteis et al., 2008; Karastathis et al., 2011; Jousset et al., 2011; 
Muksin et al., 2013; Calò and Dorbath, 2013; Toledo et al., 2020). 3D 
compressional P- (Vp) and shear S- (Vs) wave velocity models are ob-
tained using P- and S-wave arrival times from local earthquakes 
(Thurber, 1983; Kissling, 1988). Although LET provides reliable infor-
mation of the subsurface, high resolution is limited to regions charac-
terized by high seismicity rates and adequate ray coverage 
(homogeneous distribution of local earthquakes and seismic stations), 
which is not given at Theistareykir, where the seismicity is mostly 
clustered at the producing geothermal field (Blanck et al., 2018, 2020; 
Naranjo, 2020). Only a recent regional LET at the Tjörnes Fracture Zone 
was computed, however, with limited resolution at the Theistareykir 
area (Abril et al., 2021). 

Ambient noise tomography (ANT) is an alternative method that is 
receiving increasing attention in geothermal exploration due to its 
increased resolution at shallow depth (e.g. Lehujeur et al., 2017; Martins 
et al., 2020b,2020a; Granados et al., 2020; Planès et al., 2020; Sánchez- 
Pastor et al., 2021). ANT is based on the reconstruction of Green’s 
functions between different receiver pairs retrieved from the cross- 
correlation of long duration ambient noise records (Wapenaar, 2004; 
Shapiro et al., 2005; Wapenaar and Fokkema, 2006). 

Noise-based methods have also been applied for the monitoring of 
geothermal/volcanic systems. Small elastic and structural changes in the 
medium are detected by measuring the temporal fluctuations (changes) 
of the multiple scattered waves called coda waves (Snieder, 2002; Sens- 
Schönfelder and Wegler, 2006; Obermann and Hillers, 2019). This 
technique is often referred to as coda wave interferometry (CWI). 
Obermann et al. (2015) used CWI to detect gas infiltration in the St. 
Gallen geothermal site (Switzerland). Similarly, Hillers et al. (2015) 
detected structural changes due to a reservoir stimulation in Basel 
(Switzerland). Taira et al. (2018) measured the response of the Salton 
Sea geothermal field (California) to earthquakes and fluid extraction; all 
three applications in sedimentary settings. Sánchez-Pastor et al. (2019) 
applied CWI to a volcanic setting, reporting on short and long-term 
variations of the Reykjanes geothermal field (Iceland); due to injection 
and production activities. Cubuk-Sabuncu et al. (2021) monitored the 
temporal velocity changes during the 2020 rapid inflation at Mt.Þ 
orbjörn-Svartsengi (Iceland) and correlated these changes with InSAR 
and GPS deformation measurements. 

In this study, we image the 3D Vs structure and assess the temporal 
velocity variations at the Theistareykir geothermal field using seismic 
interferometry. In section 2, we report on the geological setting and the 
seismic network deployed at Theistareykir. We describe the data pro-
cessing steps to retrieve the surface Rayleigh waves in section 3. Section 
4 addresses the 3D ambient seismic noise Rayleigh wave tomography. 
We assess the time-lapse velocity changes using CWI in section 5. 
Finally, section 6 discusses the obtained results in relation to existing 
and newly acquired geophysical and geological data. 

2. Geologic setting and seismic network 

2.1. Geologic and tectonic setting 

The MAR spreads at an average rate of 2 cm/year (Einarsson, 2008). 
In Iceland, the MAR consists of a series of active rift and transform 
segments that bring forth numerous high temperature areas with the 
potential for geothermal energy exploitation. Theistareykir is located at 
the intersection between the active Northern Rift Zone (NRZ) and the 
active Tjörnes Fracture Zone (TFZ) (Fig. 1a). 

The TFZ consists of three main WNW lineaments: the Grímsey 
Oblique Rift (GOR), the Húsavík-Flatey Fault (HFF), and the Dalvík 
Lineament (DL). It is characterized by dextral and dip slip-motions, and 
high seismicity rates (Stefánsson et al., 2008). The NRZ comprises five 
en echelon spreading segments, each with a fissure swarm and an 

associated central volcano responsible for the volcanic and high- 
temperature geothermal activities (Saemundsson, 1979; Einarsson and 
Sæmundsson, 1987; Pedersen et al., 2009). The Theistareykir Fissure 
Swarm (TFS) is the westernmost of them (Fig. 1b), with a roughly 9 km 
wide area and N-S extensional fractures that extend towards the sea 
(Thoroddsen, 1983; Magnúsdóttir and Brandsdóttir, 2011; Saemundsson 
et al., 2012; Khodayar et al., 2018; Tibaldi et al., 2019, 2020). More 
specifically, our study area lies mainly between the TFS, and the HFF 
and DL lineaments (Fig. 1b). 

At the surface, Theistareykir is mostly covered by lava flows that 
erupted during the late stages of the last glacial termination and early 
Holocene (Saemundsson, 2007) forming large volume volcanic shields. 
At the eastern edge of the geothermal field, Ketilfjall is the oldest hya-
loclastite formation (Ke in Fig. 1c) and was formed during the eruption 
of a 4 km long fissure below the Quaternary ice-sheet. Further south, two 
younger table mountains (Baejarfjall -B- and Kvíhólafjöll -Kv- in Fig. 1c) 
were formed by eruptions on short fissures or single volcanic events 
(Gautason et al., 2010). The surface geothermal activity is most intense 
to the north and northwestern slopes of Baejarfjall and from there 
northwards to the western part of Ketilfjall (Ármannsson et al., 2000). 

Stratigraphically, the top ~ 1 km is characterized by pillow basalts, 
breccias, and tuff (Gautason et al., 2010; Thorsteinsdóttir et al., 2018), 
with the uppermost ~ 400–800 m consisting in a zeolite/smectite zone 
(low resistivity cap, Karlsdóttir et al., 2012). Below ~ 800 m.b.s.l. sits a 
sequence of basaltic lavas, with lenses of breccias and glassy basalt 
(Gautason et al., 2010). This sequence is cut by fresh vertical or sub- 
vertical intrusions or basaltic dykes (Gautason et al., 2010) and is also 
reflected as a high resistivity core (chlorite/epidote zone, Karlsdóttir 
et al., 2012). The boundary between the cap rock and the resistive core 
comprises the 230–240∘C temperature boundary (Karlsdóttir et al., 
2012). Finally, at ~ 1.5 km b.s.l. lies the dolerite/gabbro bedrock 
(Thorsteinsdóttir et al., 2018). Deep low resistivity bodies suggest that 
upflow zones of geothermal fluids are located below Ketilfjall (~ 2 km b. 
s.l.), Bæjarfjall (~ 6 km b.s.l.), and north of Stórihver (~ 8 km b.s.l.) 
(Karlsdóttir et al., 2012). Karlsdóttir et al. (2012) suggest that the 
prominent low resistivity anomaly at Ketilfjall could correspond to the 
main heat source of the geothermal system. 

2.2. Seismic network 

In September 2017, a temporary seismic network comprising 14 
three-component broadband (Trillium Compact 120 s) sensors was 
deployed to record continuous seismic data at a sampling rate of 200 Hz 
(red triangles in Fig. 1b and Fig. 1c) (Erbas et al., 2021). This network 
was originally designed to monitor the local microseismicity associated 
with the exploitation of the geothermal field (Toledo et al., 2018). Two 
permanent seismic networks within the region add 4 short period 3DLite 
MkII (1 s) sensors (blue triangles in Fig. 1b and Fig. 1c) and 3 short 
period LE-3D 5 s sensors (green triangles in Fig. 1b and Fig. 1c). These 
networks are operated by the Icelandic Geosurvey (ISOR) and Land-
svirkjun, and the Icelandic Meteorological Office (IMO), respectively. 

3. Data processing 

In this study we analyze the continuous seismic records between 
September 2017 and October 2019. We cut the seismic traces of the 
vertical components into 2 h long segments. Then, we downsample the 
traces to 5 Hz, apply a band-pass filter between 0.1 and 2.0 Hz, and 
remove the instrumental response using the MSNoise Python package 
(Lecocq et al., 2014). 

We compute the cross correlations and auto correlations using a 
phase cross correlation approach (PCC; Schimmel, 1999; Ventosa et al., 
2019). The PCC functional is based on the coherence of instantaneous 
phases of analytical traces. Its main advantage over the classical cross- 
correlation scheme (Bensen et al., 2007) is that it is amplitude unbi-
ased and therefore does not require any preprocessing that could reduce 
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waveform coherence (Schimmel et al., 2011, 2018). This technique has 
successfully been used in other noise-based studies for imaging and 
monitoring (e.g. D’Hour et al., 2015; Sánchez-Pastor et al., 2018, 2019; 
Acevedo et al., 2019; Hable et al., 2019; Crowder et al., 2020; Andreé 
et al., 2020). 

Finally, we obtain daily correlation functions by stacking them lin-
early over a 5 and 10 day sliding data window for monitoring structural 
changes in the media, and over their full recording period to compute 
the ambient noise tomography. In the latter case, we additionally 
average positive and negative lag-times to enhance the symmetric part 
of the signal and to increase the signal-to-noise ratio (SNR) (e.g. Ober-
mann et al., 2016). 

4. Ambient noise tomography 

4.1. Group velocity dispersion analysis 

We perform a Frequency Time Analysis (FTAN, Levshin et al., 1989) 
to extract the group velocity dispersion curves from the retrieved PCCs. 
Then, we manually revise and pick the fundamental mode of the 
dispersion curves for inter-station distances larger than 1.5 wavelengths 
and SNR ≥ 10 (e.g. Mordret et al., 2015; Obermann et al., 2016; Planès 

et al., 2020). Fig. A.9a in the supplementary material shows the com-
plete set of extracted group velocity dispersion curves. An increment in 
group velocities is seen from ~ 1.6–2.3 km/s to ~ 1.8–2.6 km/s with 
increasing periods for most dispersion curves. The dispersion curves are, 
however, quite dispersed and not clustered around one velocity value. 
Based on the number of measurements per period (Fig. A.9b in the 
supplementary material), we restrict our analysis to the range between 1 
and 5 s, where we have at least 50 measurements and have better con-
fidence in the picks. 

We display the raypath maps at two different periods to assess the 
quality of our dataset in terms of regional coverage, cross-firing, and 
velocity outliers (Fig. 2a and Fig. 2c). Note the increase in velocities with 
increasing period, especially to the west and to the south east of the 
geothermal field. 

We discretize the study area into cells of ~ 3.5 × 3.5 km. This value 
was chosen after testing taking into account the raypath distribution and 
the resulting spatial resolution. We chose the smallest cell size that 
would maintain, as much as possible, a homogeneous ray density (and 
few data gaps) especially around the center of the geothermal field. 
Fig. 2b and Fig. 2d shows the ray path density (number of rays per cell) 
associated with the chosen grid discretization for 2 and 5 s. Notice the 
inhomogeneous ray density distribution for both periods due to the 

Fig. 2. Raypath (a, c) and ray density (b, d) maps for periods of 2 and 5 s. Raypaths in a) and c) are colored with their associated measured group velocity. The 
chosen cell size is ~ 3.5 × 3.5 km. Black trianges indicate the seismic stations positions and the gray lines correspond to topographic contours. DL and HFF 
correspond to the Dalvík Lineament and the Húsavik-Flatey Fault, respectively. 
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irregular seismic network configuration, originally deployed for recov-
ering local seismicity. A higher ray density is observed towards the 
center of the geothermal field, where a higher number of closely spaced 
stations are located. 

4.2. 2D group velocity tomography 

We perform 40 tomographic inversions for periods between 1 and 5 s 
with 0.1 s steps following the methodology proposed by Barmin et al. 
(2001) and Mordret et al. (2013). The inversions are based on ray theory 
coupled with a damping constraint and a Gaussian-shaped lateral 
smoothing term. Group times for each period are calculated by inte-
grating the group slowness along each ray path. We ignore the topog-
raphy effects, assuming they are negligible on the retrieved traveltimes 
(elevation difference of 301 m vs a wavelength of ~ 2 km at 1 s). 

The 2D inversions are performed in 2 steps. A first inversion is 
computed for each period using the mean group velocity as the initial 
model. The aim is to reject measurements with time residuals larger than 
0.01 standard deviations (e.g. Mordret et al., 2015). The remaining 
travel times are then used in a second and final inversion using the 
obtained velocities of the previous step as the initial model. We select 

the values of 0.01, 0.01, 1.0, and 0.01 for parameters alpha, beta, 
lambda, and Lcorr (Barmin et al., 2001; Mordret et al., 2013), respec-
tively, for the two inversion steps. These parameters were chosen after 
computing inversions for a range of values and comparing their asso-
ciated variance reduction of traveltime residuals. 

Fig. 3a-d illustrate the obtained group velocities at periods of 2, 3, 4, 
and 5 s, respectively. Following the inversions, the residuals variance is 
reduced by ~80 % for all periods. The group velocities increase with 
greater periods and range between 1.62 and 2.74 km/s. Two sets of high 
and low velocity anomalies stretch with a NW-SE direction. High ve-
locity anomalies are located to the west and to the southeast of the 
Baejarfjall table mountain. Low velocities appear to the north of Bae-
jarfjall crossing the Ketilfjall ridge. 

4.3. Model quality 

To identify the location of poorly resolved areas we analyze the 
model resolution matrices (MRM) associated with the inversions. The 
diagonal elements of the MRM provide an estimate of the inversion 
resolution, namely how well the model parameters can be predicted or 
resolved. Off-diagonal elements contain information on the dependency 

Fig. 3. Rayleigh wave group velocity maps at a) 2, b) 3, c) 4, and d) 5 s. Initial velocities used in each inversion are shown in the upper right corner. Black trianges 
indicate the seismic stations positions and the gray lines correspond to topographic contours. DL and HFF correspond to the Dalvík Lineament and the Húsavik-Flatey 
Fault, respectively. The black dashed lines indicate the region shown in Fig. 6. 

T. Toledo et al.                                                                                                                                                                                                                                  



Journal of Volcanology and Geothermal Research 429 (2022) 107590

6

of the solution of each cell with respect to neighboring cells. 
As in Mordret et al. (2015), we define the spatial resolution as the 

equivalent diameter of a fitted ellipse to the contour level at 40 % of 
each row of the MRM. The minimal spatial resolution (or spatial detail) 
value is estimated as twice the distance between two cells, in this case ~ 
7 km. Then the resolution shift (or spatial accuracy) is defined as the 
distance between the center of each fitted ellipse and the target cell. 
Fig. 4a and Fig. 4c show the calculated spatial resolution at 2 s and 5 s, 
respectively. The values range between 7 and ≥ 13 km, and are lower 
towards the main exploitation area, where the seismic array is denser. 
This central area is, therefore, expected to be better resolved in com-
parison to the surrounding regions. Similarly, Fig. 4b and Fig. 4d show 
the resolution shift for 2 and 5 s, respectively. Shift values are once more 
lower towards the center of the geothermal field. We display the contour 
level at 80 % (red lines in Fig. 4a-d) for three rows of the MRM to observe 
the direction of the smearing associated to three cells (red crosses in 
Fig. 4a-d). Seemingly, the contours at the center indicate a more focused 
solution, whereas the contours to the west indicate strong EW smearing 
due to a single ray direction (Fig. 2a and Fig. 2c). For the interpretation, 
we thus restrict our analysis to the center of the geothermal field (the 
region surrounding Baejarfjall). 

4.4. Retrieval of the 3D Vs model 

We perform a second series of inversions to associate the 2D Rayleigh 
group velocity results to a precise depth. First, we construct local group 
velocity dispersion curves at all cell points by combining the tomo-
graphic inversions with different periods. Each of these dispersion 
curves are then inverted to obtain single 1D local layered velocity 
models which are later assembled into the final 3D S-wave velocity (Vs) 
model. 

The 1D velocity profiles are obtained following a Monte Carlo 
inversion approach called the Neighborhood Algorithm (NA, Sambridge, 
1999). For each cell, we first generate a large set (Nini) of random 
continuous Vs functions that are later discretized into layered models of 
constant thicknesses and velocities. We define these functions as power 
law velocity profiles overlaid by three splines to reduce the number of 
parameters to invert for (otherwise 2nl, where nl is the number of layers) 
(Mordret et al., 2014, 2015). The associated dispersion curves are then 
calculated using the Computer Programs in Seismology package (Herr-
mann, 2013). We evaluate the misfit between these synthetic models 
and the data dispersion curves. Later, we select the Nb best fitting models 
and randomly resample Nr new models in their neighborhood. This 
procedure is carried out for Niter iterations or until the misfit is reduced 
to a given threshold. In this work, we select Nini = 1000, Nb = 750, Nr =

2, and Niter = 20, giving a total of 31,000 probed models. Fig. A.10a and 

Fig. 4. Spatial resolution (a, c) and resolution shift 
(b, d) at 2 and 5 s. The red lines indicate the 80 % 
contour levels of the MRM associated to three cells 
points (red crosses). Black trianges indicate the 
seismic stations positions and the gray lines corre-
spond to topographic contours. DL and HFF corre-
spond to the Dalvík Lineament and the Húsavik- 
Flatey Fault, respectively. The white dashed lines 
indicate the region shown in Fig. 6. (For interpreta-
tion of the references to colour in this figure legend, 
the reader is referred to the web version of this 
article.)   
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Fig. A.10b in the supplementary material display an example of the 
synthetic dispersion curves and the associated 1D Vs models, respec-
tively, for the 1D inversion of a single grid point. The lines in these 
figures are colored according to the logarithm of their misfit. Fig. 5 
shows the recovered 1D Vs models for all the locations in the 2D plane. 
Up to ~ 2 km depth, the models show a good agreement with the 1D Vs 
model used in Iceland for earthquake locations (South Iceland Lowland 
-SIL-model, Stefánsson et al., 1993; Abril et al., 2021). After 2 km, 
however, the inverted values are lower than the SIL model. With the 
ambient noise methods used we obtain a higher resolution in the very 
shallow subsurface and a much more local model than the SIL model, 
which was calculated using the recovered seismicity over Iceland. 

In Fig. 6a-f we present several depth slices of the retrieved 3D Vs 
model for the central part of the geothermal field. The model is pre-
sented as Vs variations (ΔVs) with respect to the mean value for each 
layer (V0). Similar to the 2D group velocity maps, two main trends of 
anomalies are oriented in NW-SE direction extending to < 4–5 km depth. 
Two high velocity anomalies (~ +10 %) are located to the west and to 
the south of the Baejarfjall mountain, and become weaker at shallow and 
deeper levels (~ +6 %). An elongated low velocity anomaly is located to 
the northeast of Baejarfjall, and is slightly discontinuous at the Ketilfjall 
formation. The low velocity anomaly to the west of Ketilfjall becomes 
stronger with depth (~ -9 % at ≥ 2 km b.s.l). North to this anomaly, 
another high velocity anomaly with smaller amplitude (~ +4 %) is 
visible mostly at shallow levels (≤ 2 km b.s.l). 

5. Determination of time-lapse changes 

Seismic monitoring using CWI has been successfully implemented in 
various applications (Obermann and Hillers, 2019) using techniques like 
the moving-window cross-spectra analysis (MWCS, Ratdomopurbo and 
Poupinet, 1995), the observation of waveform similarity evolution 
(D’Hour et al., 2015), and the stretching technique (Lobkis and Weaver, 
2003; Sens-Schönfelder and Wegler, 2006). A thorough comparison 
between the MWCS and the stretching method was performed by Had-
ziioannou et al. (2009) showing more stable results for the latter. In this 
work, we compute and analyze the velocity variations using the 

stretching technique on the phase auto correlations (PAC) between 
October 2017 and October 2019. Auto correlations are known to be 
more sensitive to local changes than cross correlations and to probe 
larger depths (D’Hour et al., 2015; Sánchez-Pastor et al., 2018). 

To quantify the temporal evolution of seismic velocities, we analyze 
the waveform changes of a “current” PACcurr with respect to a reference 
PACref. We define the PACref as the stacked daily PACs over the entire 
recording period, and PACcurr as the daily stacked PACs over a 5 and 10 
day sliding window. Each PACcurr is then stretched or compressed in 
time by a factor t(1 + ε) and compared to PACref. The stretching factor ε 
by which the dilation correlation coefficient (CC) between PACref and 
PACcurr is maximized corresponds to the apparent velocity change 
(εapp = − Δv

v )(Sens-Schönfelder and Wegler, 2006; Nakata et al., 2019). 
The dilation correlation coefficient is given by (Weaver et al., 2011): 

CC(ε) =
∫ t2

t1
PACcurr

ε (t)PACref (t)dt
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∫ t2

t1

(
PACcurr

ε (t)
)2dt

∫ t2
t1

(
PACref (t)

)2dt
√ (1)  

where PACε
curr corresponds to the stretched PACcurr function and t1 and t2 

are the limits of the time window used. The uncertainty on Δv
v is esti-

mated with the theoretical formula (Weaver et al., 2011): 

σε =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − CC2

√

2CC

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
6

̅̅π
2

√
T

ω2
c(t3

2 − t3
1)

√

(2)  

where T is the inverse of the frequency band and ωc is the central 
frequency. 

Fig. A.11 in the supplementary material displays the velocity varia-
tions computed on two PACs between 1 and 21 s lag time. The PACs are 
associated to a station close (TH03) and a station further away (TH05) 
from the geothermal site. Except for a few points, most CCs are ~0.9, 
and the peak-to-peak velocity variations are ~0.3 %. The most promi-
nent feature in both cases is a sinusoid with period of ~365 days, 
maxima in January 2018 and January 2019, and minima in August 2018 
and August 2019. This sinusoid could be attributed to seasonal changes 
in the system. Additionally, similar short-term fluctuations at various lag 
times are visible in both curves which could be associated to a range of 
factors like weather and seismicity. Although both curves have similar 
shapes, the velocity changes for the station close to the geothermal area 
(TH03) has occasionally lower values than for the distant station 
(TH05). 

We separate the stretching results of stations neighboring the 
geothermal field (red triangles in Fig. 7) and compare them to the results 
of distant stations (THR1, GHA, TH05, and KRA in Fig. 1a) to evaluate 
whether local changes can be observed due to the exploitation activities. 
The background map in Fig. 7 represents the near-Up velocity differ-
ences between periods 2015–2017 and 2017–2020 obtained with InSAR 
(taken from Drouin, 2020). Drouin (2020) estimate the approximate east 
(near-East) and approximate vertical (near-Up) velocities by combining 
the estimated average line-of-sight velocity fields of ascending and 
descending tracks of radar SAR observations. Given the assumptions 
considered in the decomposition process, Drouin and Sigmundsson 
(2019) and Drouin (2020) call the results “near-East” and “near-Up” 
instead of “East” and “Up” ground velocities. 

We display the Δv
v average of the two station groups in Fig. 8a-b. The 

results are very stable for the PACs. Both the sinusoidal behavior and 
several short term fluctuations are similar in both curves. However, it is 
noticeable that the Δv

v for the station group located within/close to the 
geothermal field (red line) are, on average, lower than for those of the 
distant station group (blue line). When fitting the average velocity 
changes of these station groups to a linear function (Fig. 8c), we observe 
a slight larger velocity decrease for the curves associated to the 
geothermal field (− 0.054 +/− 0.007 %/year vs − 0.046 +/− 0.007%/ 
year for outer stations). It must be pointed out, however, that linear 
regression operations could be underestimating the measurements 

Fig. 5. Best fitting 1D Vs profiles for each grid cell (gray lines). The 1D model 
that is routinely used for earthquake locations in Iceland (SIL model, Stefánsson 
et al., 1993) is shown with a red line. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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errors. 

6. Interpretation and discussion 

6.1. Ambient noise tomography 

The ambient noise tomography in Section 4 (Fig. 6) shows a clear 
separation between low (N and NE of Baejarfjall) and high (W, S, and SW 
of Baejarfjall) velocity anomalies trending with a NW/WNW orientation. 
This direction is almost parallel to the HFF lineament (Fig. 1a), and 

follows the location of a series of fractures (narrow weak zones) with 
WNW and NW dextral oblique-slip mapped at the surface (Khodayar 
et al., 2018). The boundary of the velocity anomaly separation is located 
to the north of the Baejarfjall mountain, where the injection and several 
production wells are located. This pattern is consistent at all depth 
levels, and matches the direction of several MT resistivity anomalies 
plotted on top of the tomography results (colored line contours in Fig. 6, 
taken from Karlsdóttir et al., 2012). A similar good match between re-
sistivity and ambient noise tomography results has also been observed in 
Hengill (Sánchez-Pastor et al., 2021), thus highlighting the high 

Fig. 6. Vs variation (ΔVs) depth slices with respect to the layer 
average (V0). Resistivity contour lines are taken from 
Karlsdóttir et al. (2012). Black triangles indicate the seismic 
stations positions and the gray lines correspond to topographic 
contours. White circles represent the location of injection and 
production wells, and the approximate well deviations are 
shown with black lines. The location of these maps is shown 
with yellow dashed lines in Fig. 1b. HFF indicates the Húsavik- 
Flatey Fault. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of 
this article.)   
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potential of ambient noise tomographic methods for geothermal explo-
ration purposes. 

The low velocity anomalies (~-7 %) to the N and NE coincide with 
the location of various low resistive bodies (Karlsdóttir et al., 2012). One 
major low velocity anomaly to the north of Baejarfjall and west of 
Ketilfjall becomes stronger (~-10 %) starting from ~2 km b.s.l. (Fig. 6d- 
f). Studies have shown that rocks saturated with hydrothermal fluids 
have typically lower shear wave velocities than those of unaltered rocks 
(Vanorio et al., 2005; De Matteis et al., 2008). In a lithologically ho-
mogenous subsurface, the decrease of Vs in this region could point to the 
location of either magmatic material or an upflow zone. Such a hy-
pothesis is consistent with the MT survey, which highlights the heat 
source(s) beneath Ketilfjall, Bæjarfjall, and north of Stórihver below a 
shallow cap rock composed of zeolite/ smectite alterations (Karlsdóttir 
et al., 2012). This region to the north of Baejarfjall and west of Ketilfjall 
is also known to experience a decrease in microgravity variations 
(Portier et al., 2020; Forster et al., 2021) and negative vertical dis-
placements (Drouin, 2020) with time. In addition, surface geothermal 
manifestations (Kristinsson et al., 2015) and emanating gases (Gíslason 
et al., 1984) have been reported mostly at the northern and north-
western flank of Bæjarfjall. 

The high velocity anomalies (~+10 %) to the west and south/ 
southeast of Bæjarfjall coincide with medium to high resistivity bodies 
(≥ 100 Ωm) at depths between 0.5 and 3 km b.s.l. Between these two 
anomalies, a lower high velocity anomaly (~+5 %) sits below Bæjarfjall, 
which reduces its amplitude mostly at depths ≥3 km b.s.l. (~+1 %). This 
reduction could, once more, hint to the presence of hot fluids at 
Bæjarfjall. Another weaker high velocity anomaly is located further to 

Fig. 7. The red triangles represent the selected stations for the time lapse 
analysis. The background map represents the near-Up velocity [mm/year] 
differences between periods 2015–2017 and 2017–2020 (Drouin, 2020) ob-
tained with Synthetic Aperture Radar Interferometry (InSAR). The gray regions 
represent areas of missing data. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Average velocity changes for two station groups: stations close to the geothermal zone (red stations in Fig. 7), and distant stations (THR1, GHA, TH05, and 
KRA in Fig. 1a). Results for a) 5 and b) 10 day stacks times. We discarded Δv

v values with CC ≤ 0.7. c) Linear regressions of the velocity variation averages for the two 
station groups. d) Total extraction (black) and injection (gray) rates at the geothermal field, and local seismicity rates (purple) from 1 January 2018 to 15 July 2018 
taken from (taken from Naranjo, 2020). See main text for more details. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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the north following, once more, some resistive bodies. 

6.2. Time-lapse changes 

To analyze possible medium changes we monitor the differences 
between the PACs at different times with respect to a reference. In a 
geothermal context, some of these velocity variations have been suc-
cessfully linked to the operation activities (e.g. Obermann et al., 2015; 
Hillers et al., 2015; Sánchez-Pastor et al., 2019). Fig. 8a-b show the 
velocity variations associated to the PACs of two station groups 
computed with the stretching technique. The red lines represent the 
velocity variations average for stations at/close to the geothermal field 
(Fig. 7) and the blue lines correspond to the velocity variations average 
of distant stations (THR1, GHA, TH05, and KRA in Fig. 1a). Several short 
term fluctuations are consistent among all the curves, however, most of 
them are difficult to directly associate to natural or man-made processes. 
The injection and extraction changes seem low for their effect to be seen 
in the Δv

v short term fluctuations of the analyzed frequency band which 
has its highest sensitivity for the upper 5 km (see Fig. A.12 in the sup-
plementary materials). Such observations are relevant for the sustain-
able continuation of geothermal operations at Theistareykir, however, 
an extended analysis using different frequency bands would be required 
for a more detailed analysis of different depths. 

Long term noise studies typically exhibit seasonal variations (e.g. 
Sens-Schönfelder and Wegler, 2006; Sánchez-Pastor et al., 2019) which 
are evident in the distortion of ballistic waves (e.g. Hadziioannou et al., 
2011). These variations could be the consequence of changes in the 
oceans noise sources at different seasons (Stutzmann et al., 2009), but 
could also be linked to the strong seasonal variations in Iceland that 
result in ground water level changes as seen in other case studies (e.g. 
Sens-Schönfelder and Wegler, 2006; Meier et al., 2010; Rivet et al., 
2015; Almagro Vidal et al., 2021; Barajas et al., 2021). In this study, the 
seasonal variation appears as a sinusoidal trend which is evident for the 
Δv
v curves of all station positions (Fig. 8a-b). We average the velocity 
variation curves for the two station groups and compute their linear 
regression to distinguish the difference between their long term varia-
tions (Fig. 8d). There is a small velocity decrease for both station groups. 
However this reduction is slightly stronger for the production area 
(0.054%/year vs 0.046%/year). Such a local decrease in velocities is 
consistent with the negative microgravity variations reported around 
the extraction zone (Portier et al., 2020; Forster et al., 2021). Addi-
tionally, (Drouin, 2020) reports a subsidence in this region of ~ 7 mm/ 
year since the start of the operations in 2017 (Fig. 7). 

7. Conclusions 

Upon the deployment of a temporary seismic network at the Theis-
tareykir geothermal field, we collected and analyze the ambient noise 
records of 2 years. We compute a 3D ambient noise Rayleigh wave to-
mography and compare the results with available geophysical, 
geochemical, and geological data. We could identify velocity anomalies 
oriented in a NW/WNW direction almost following the orientation of the 
HFF lineament. In addition, we identify a velocity reduction in two 
areas: one to the west of Ketilfjall (depths ≥ 2 km b.s.l.) and one at 
Baejarfjall (depths ≥ 3 km b.s.l.). We interpret these regions as locations 
of possible magmatic or hydrothermal bodies. 

We compute the temporal velocity changes for the 2 year period 
using the stretching technique applied to PACs and compare the results 
associated to the stations close and far from the geothermal field. Several 
short term fluctuations are consistent among the Δv

v curves, yet it is 
difficult to associate these fluctuations to man-made processes such as 
injection and extraction variations. Alternatively, the injection and 
extraction changes may be too low for their effect to be seen in the Δv

v 
short term fluctuations. We, however, report a slightly higher long term 
velocity decrease (0.054%/year) within the geothermal system, which 

may be associated to the fluid extraction in this region. 
In general, ambient noise methods hold a high potential for 

geothermal exploration and monitoring. The complementarity of 
ambient noise tomography with other geophysical, geological, and 
geochemical techniques enables a better understanding of geothermal 
resources. In addition, the monitoring of seismic velocity variations is 
well suited to estimate mass movements in an area, in that it allows to 
describe the tectonic activity of geologic structures and hydrothermal 
bodies. This enables to survey the background against induced flow and 
displacement patterns, which is crucial information for any reservoir 
utilisation. 
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Ágústsson, K., Blanck, H., Mortensen, A.K., Guðmundsson, A., 2020. The seismic network 
of Landsvirkjun/Iceland GeoSurvey in Krafla, NE-Iceland, and Some Results, 
Proceedings World Geothermal Congress, paper 13059. 

Almagro Vidal, C., Zaccarelli, L., Pintori, F., Serpelloni, E., 2021. Hydrological effects on 
seismic-noise monitoring in Karstic Mediaa. Geophys. Res. Lett. 48. 
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Obermann, A., Lupi, M., Modret, A., Jakobsdóttir, S.S., Miller, S.A., 2016. 3D-ambient 
noise Rayleigh wave tomography of Snæfellsjökull volcano, Iceland. J. Volcanol. 
Geotherm. Res. 317, 42–52. 
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