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Introduction
Many geoscientific studies make use of continuous terrestrial gravity measurements to 
estimate subsurface mass changes associated with, for example, groundwater flow (Wat-
let et al. 2020), volcanic activity (Jousset et al. 2000; Carbone et al. 2019) or exploitation 
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Continuous high-resolution gravimetry is increasingly used to monitor mass distribu-
tion changes in volcanic, hydrothermal or other complex geosystems. To quantify the 
often small target signals, gravity contributions from, e.g. atmospheric mass changes, 
global and local hydrology should be accounted for. We set up three iGrav supercon-
ducting gravity meters for continuous monitoring of the Þeistareykir geothermal field 
in North Island. Additionally, we installed a set of hydrometeorological sensors at each 
station for continuous observation of local pressure changes, soil moisture, snow and 
vertical surface displacement. We show that the contribution of these environmental 
parameters to the gravity signal does not exceed 10 µGal (1 µGal =  10–8 m  s−2), mainly 
resulting from vertical displacement and snow accumulation. The seasonal gravity con-
tributions (global atmosphere, local and global hydrology) are in the order of ± 2 µGal 
at each station. Using the environmental observations together with standard gravity 
corrections for instrumental drift and tidal effects, we comprehensively reduced the 
iGrav time-series. The gravity residuals were compared to groundwater level changes 
and geothermal mass flow rates (extraction and injection) of the Þeistareykir power 
plant. The direct response of the groundwater levels and a time-delayed response of 
the gravity signal to changes in extraction and injection suggest that the geother-
mal system is subject to a partially confined aquifer. Our observations indicate that a 
sustainable “equilibrium” state of the reservoir is reached at extraction flow rates below 
240 kg  s−1 and injection flow rates below 160 kg  s−1. For a first-order approximation of 
the gravity contributions from extracted and injected masses, we applied a simplified 
forward gravity model. Comparison to the observed gravity signals suggest that most 
of the reinjected fluid is drained off through the nearby fracture system.
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of geothermal reservoirs (Portier et  al. 2018). Additional gravity effects from environ-
mental phenomena, like Earth tides, atmospheric pressure changes, rain and snowfall 
superimpose onto the target signals of the gravity time-series and have not been always 
considered, making interpretation inaccurate when gravity variations are small. The 
amplitudes of the environmental contribution in the recorded gravity signals range 
from a few hundred nGal (e.g. sea level rise) to several hundreds of µGal (e.g. large 
volcanic eruptions) and vary from seconds to years (Boy and Hinderer 2006; Damiani 
2014). Mikolaj et  al. (2019) pointed out the need to account for gravity contributions 
from atmospheric mass displacement, large-scale hydrology and nontidal ocean load-
ing when performing local geophysical applications of terrestrial gravity measurements. 
They quantified the uncertainties of these corrections to be in the order of a few µGal, 
depending on the locations and the time scale of the mass variations of interest. Gitlein 
et  al. (2013) modelled the combined gravity contributions of local and global atmos-
pheric mass changes and applied them for reduction of superconducting gravity data, 
which improved the residuals by about 15% compared to the standard air pressure 
reduction with an admittance of −0.3 µGal  hPa−1. Voigt et al. (2021) used a supercon-
ducting gravity meter for hydrological monitoring of Mount Zugspitze and identified the 
snowpack as the primary contributor to seasonal water storage variations, with a snow-
gravimetric footprint (i.e. snow related gravity contributions >  10–4 µGal) of up to 4 km 
distance around the gravity meter. In addition to environmental gravity contributions, 
artefacts of the gravity meter like instrumental drift or self-noise may decrease the accu-
racy of the target signal (Crossley et al. 2004; Rosat and Hinderer 2018). With respect to 
long-term drift rates, Schäfer et al. (2020) showed the impact of transporting a super-
conducting gravimeter. Therefore, an accurate estimation and reduction of instrumen-
tal drift and environmental contributions is essential before we can interpret the gravity 
residuals accurately with respect to a specific geophysical phenomenon.

With the aim of estimating subsurface mass changes associated with geothermal 
exploitation (geothermal fluid extraction and reinjection), we set up a network of three 
continuously recording and remotely operated iGrav superconducting gravity meters, 
together with GNSS stations and hydrometeorological sensors (humidity sensors, snow 
gauges, pressure sensors, temperature sensors, etc.) at Þeistareykir, a geothermal field 
in North Iceland. This region is part of the North Volcanic Zone and is located close 
to the Husavik fault (Gudmundsson et  al. 1993) and the Krafla Caldera (Ármannsson 
et al. 1987). Surface deformation and seismic activity associated to the mid-oceanic ridge 
have been monitored in Iceland for over 50 years (Sturkell et al. 2006). Surface explora-
tions at Þeistareykir in the 1970s and 1980s suggested beneficial reservoir temperatures 
(< 280 °C), which was confirmed after exploration well drilling between 2002 and 2012 
(Óskarsson 2015). We started our observations in December 2017 shortly after a new 
geothermal power plant (with 90 MWe total capacity) started operation in Þeistareykir. 
Figure  1 shows the location of the three superconducting gravity (SCG) stations. The 
east station (SCGE, iGrav032) is positioned in the vicinity of the geothermal extraction 
wells and the west station (SCGW, iGrav006) is located close to the reinjection wells. 
In June 2019, we started continuous measurements with iGrav015 at the central sta-
tion (SCGC), in the transient area between geothermal extraction and injection. Schäfer 
et al. (2020) provide further details about the gravity station setup and the continuous 
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observation chronology. Gravity observations are subject to various environmental con-
tributions (e.g. rain, snow and soil humidity). Therefore, we deployed a series of instru-
ments for measuring environmental parameters, which contribute to the total recorded 
gravity signal. Over more than three years, we acquired a unique data set of high-reso-
lution gravity and environmental time-series. We developed and applied an approach to 
reduce all environmental effects that may hide the geothermal mass changes.

Methods for quantifying the gravity contributions
In this work, we assess the contributions of different geophysical phenomena to the 
observed gravity signals, based on observations and models. Equation 1 shows the grav-
ity contributions examined in our study:

These include gravitational effects induced by solid Earth and ocean tides Δgtide, local 
atmospheric mass changes Δgatm, polar motion Δgpm, global atmosphere, large-scale 
hydrology and nontidal ocean loading Δgglob, local hydrology in terms of soil moisture 
changes Δghydr, snow Δgsnow, vertical surface displacement Δh with the vertical gravity 
gradient δg/δh and geothermal mass changes Δggeoth. The “Error” in Eq.  1 consists of 
further gravity contributions like magma-induced mass changes from volcanic activity 
that are neglected in this study. For interpretation of geothermal-related mass changes, 

(1)
�gobs = �gtide+�gatm+�gpm+�gglob+�ghydr+�gsnow+

δg

δh
∗�h+�ggeoth+Error.

Fig. 1 Location of the three continuous gravity stations (red stars) at Þeistareykir geothermal field in North 
Iceland; the east station (SCGE, iGrav032) is positioned in the vicinity of the geothermal extraction wells (well 
pads marked by red circles, orange lines show subsurface well paths), the west station (SCGW, iGrav006) 
is positioned in the vicinity of the reinjection well pad (green square) close to the Tjarnarás fault (yellow 
dashed line), the central station (SCGC, iGrav015) is positioned between the extraction and injection zones; 
groundwater level monitoring wells (GWL, blue triangles)
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we identified and reduced the interfering gravity effects that superimpose onto the target 
signal. To assess the contribution of the local environmental parameters in the gravity 
records, we analysed the continuous hydrometeorological measurements from remotely 
operated multiparameter stations (ROMPS; Schöne et al. 2013) at each site. Fig. 11 in 
the Appendix shows top view sketches of the ROMPS sensors and gravity containers for 
the three gravity stations. In the following subsections, we describe details of the instru-
ments, the methods and the models for these individual gravity contributions, and we 
show the environmental signals recorded at Þeistareykir. In addition to the environmen-
tal parameters from Eq. 1, we also give a summary about the contribution and correction 
of instrumental drift.

Earth tides, local pressure effects, polar motion and instrumental drift

The largest gravity signal results from the solid Earth and ocean tides and is estimated 
by tidal modelling (Agnew 2015). Besides the tidal parameters, we also estimated the 
barometric admittance factor for each station to be later used for the local pressure 
residual of the total atmospheric effect (see “Global gravity contributions” below). Both, 
local tidal models and barometric admittance factors were computed for each gravity 
station at Þeistareykir using the ETERNA 3.4 package (Wenzel 1996). Results of the tidal 
analyses are given in the Appendix (chap. A1, A2 and A3). Due to the small distance of 
less than 2 km between the gravity stations, no significant changes of the tidal param-
eters were observed; with the main tidal waves varying by less than 1% in amplitude fac-
tors and less than 1 degree in phase. Therefore, we applied one uniform model for all 
three stations comprising the modelling results of SCGW and theoretical long period 
tidal parameters from solid Earth and ocean tides models (chap.  A4, Appendix). The 
polar motion effect is provided as Earth orientation parameter file by the International 
Earth Rotation and References Systems Service (IERS; https:// hpiers. obspm. fr/ eoppc/ 
eop/ eopc04/, Accessed 05 November 2021). We used the TSoft package (Van Camp and 
Vauterin 2005) for computation of the associated gravity contributions. Detailed expla-
nation of these standard corrections is given in Schäfer et al. (2020).

We examined and corrected the individual drift behaviour of the instruments by com-
parison to absolute gravity measurements (Hinderer et al. 2015). For this, we performed 
absolute gravity campaigns (with FG5#206) at each station once every year and adjusted 
the continuous time-series to the absolute values. Figure 12 in the Appendix shows the 
drift corrections for the iGrav time-series between December 2017 and October 2020. 
The uncertainties of the FG5#206 measurements at the three gravity stations (in sum-
mers 2018, 2019 and 2020) range between ± 0.9 µGal and ± 2.0 µGal. Initial exponential 
drift of a few days is removed for iGrav006. Schäfer et al. (2020) showed an overall reduc-
tion of drift rates for iGrav015 and iGrav032 suggesting that these two instruments may 
have exponential drift components with slowly decreasing magnitudes. This could be a 
reason for the strong initial gravity decrease of iGrav032 (−12 µGal after 40 days). How-
ever, for the long-term drift rates linear adjustments could be determined for all three 
iGravs (+ 6.1 µGal  yr−1 for iGrav006, + 5.2 µGal  yr−1 for iGrav015 and −53.9 µGal  yr−1 
for iGrav032) within the uncertainties of the FG5#206 measurements.

https://hpiers.obspm.fr/eoppc/eop/eopc04/
https://hpiers.obspm.fr/eoppc/eop/eopc04/
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Global gravity contributions

In order to determine the contribution of global atmospheric mass variations in the 
gravity signal, we used the Atmacs model (Klügel and Wziontek 2009). Besides the cor-
rection of the atmospheric effect by Atmacs, we additionally calculated the local pres-
sure residuals and applied the remove–restore method suggested by the Atmacs service 
(http:// atmacs. bkg. bund. de/ docs/ compu tation. php, Accessed 05 November 2021), using 
Atmacs model pressure and the locally recorded pressure at each station. The large-
scale hydrological effects on gravity by continental water storage variations were con-
sidered by using the simulated soil moisture and snow water equivalent (SWE) of the 
land surface model NOAHv21 of the GLDAS model (Rodell et  al. 2004). In addition, 
we computed nontidal ocean loading with the OMCTv06 model (Dobslaw et al. 2017). 
The simulated storage and mass variations from both models were converted to gravity 
effects using the mGlobe toolbox (Mikolaj et al. 2016).

Local hydrology

At each station we recorded the variations of soil water content with in situ soil moisture 
sensors. The sensors are arranged at different depths within soil profiles and at differ-
ent distances to the gravity meter pillar (Table  1). From the soil moisture time-series 
of all three gravity stations, we calculated the mean water content variations and their 
associated standard deviation at the four measurement depths (10  cm, 30  cm, 50  cm, 
80 cm) and assigned those to the respective soil layers (0–20 cm, 20–40 cm, 40–65 cm, 
65–95  cm). Assuming that the temporal variability of soil moisture decreases linearly 
with depth, we used the observed depth-dependence of the standard deviation to 
extrapolate at which depth it becomes zero, i.e. the threshold at which depth temporal 
variations of soil water content can be expected to vanish (Fig. 13, Appendix). The soil 
moisture variations of the deepest observation depth at 80 cm were accordingly extrapo-
lated to this threshold depth (here 1.8 m, see Fig. 13, Appendix).

The calculated soil water content variations at the different depths, expressed in mil-
limetre water equivalent were used as input variable to model the local hydrological 
gravity effects. Further, we included local digital elevation models (DEM) to account for 
topographic characteristics (i.e. relative height changes of the soil layers with regard to 
the gravity sensor). The hydro-gravitational modelling (HyGra) is based on the method 
of Leirião et al. (2009) and was adapted to gravimetric observatory buildings by Reich 
et al. (2019). HyGra is a spatially distributed model that enables the setup of a nested 

Table 1 Distribution of soil moisture sensors installed at different depths around each gravity 
station; some soil profiles are deployed at equal distances to the iGrav pillar (e.g. two profiles with 
12.1 m distance at SCGW), in these cases the sensors are installed below different micro-topographic 
features (e.g. small hills or terrain depressions)

Gravity station No. of sensors No. of 
profiles

Profile distance to iGrav pillar 
[m]

Sensor depths [m]

SCGW 14 4 6.5, 7.5, 12.1, 12.1 0.1 (4×), 0.3 (4×), 0.5 (4×), 
0.8 (2×)

SCGC 13 5 10.3, 11.9, 11.9, 13.4, 13.4 0.1 (5×), 0.3 (4×), 0.5 (3×), 
0.8 (1×)

SCGE 13 4 8.1, 8.4, 11.4, 11.4 0.1 (4×), 0.3 (4×), 0.5 (3×), 0.6 
(1×), 0.8 (1×)

http://atmacs.bkg.bund.de/docs/computation.php
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component grid (grid containing smaller grids of refined cell discretisation) with adjust-
able radii around the gravity station. We chose a small lateral discretisation (of 0.1 m) 
for the model cells closest to the gravity sensor (radius of 50 m) and larger model cells 
with increasing distance (1  m cells for 50 to 300  m radius and 10  m cells for 300 to 
3000 m radius), and a vertical discretisation (cell height) of 0.1 m for every cell. The grav-
ity sensor height above the ground surface of the DEM is 1.0 m. For the volume of the 
field container and the subsurface column below the container, no (hydrological) mass 
changes were assumed because the building shields the natural underground from direct 
infiltration of rain or snowmelt (“umbrella effect”, Creutzfeldt et al., 2008).

Snow

To determine the mass changes of the snow cover around the monitoring stations in 
the course of snowfall and snowmelt, we continuously measured (every 15  min) the 
SWE, i.e. the amount of water that is stored in the snow cover in solid and liquid state 
by two snow monitoring instruments at SCGE (Fig. 2). We used a snow scale to deter-
mine the SWE by weighing the column of snow that is on top of a pressure pillow of 
6.72  m2 in size. Additionally, we used a snow pack analyser system (Sommer Messtech-
nik) equipped with strap sensors that measure (with an electro-magnetic approach) the 
specific volume contents of ice, water and air within the snow cover, from which the 
snow density is calculated. Snow depth is derived from travel time measurement of the 
pulse between an ultrasonic sensor and the snow surface. Snow density and snow depth 
are then used to calculate the SWE. We used the mean SWE of the time-series of both 
measuring systems (snow scale and snow pack analyser) as input to calculate the grav-
ity effect of snow with the HyGra model. It should be noted that the calculation of the 
snow gravity effect considered the actual thickness of the snow cover relative to the grav-
ity meter sensor height, so that both positive and negative gravity contributions may 

Fig. 2 East station (SCGE) showing the container hosting iGrav032 and the outside setup of the remotely 
operated multiparameter station, the snow pack analyser is positioned on the right
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occur, depending on whether parts of the snow cover are below or above the sensor, 
respectively. Piling up of snow on top of the gravity container was minimal because of 
the windy conditions at the sites, as confirmed by daily photos of automatic cameras (see 
Fig. 11 Appendix) deployed at each station. Also, based on the camera observations, no 
snow mass accumulation was observed within the first 2  m around the container due 
to snow drift by wind. Thus, the snow mass in the near field of the gravity meter was 
neglected when computing the gravity effect of the snow cover.

Vertical surface displacement

We used GNSS data observed at each gravity station at Þeistareykir to estimate the ver-
tical surface displacement. The GNSS processing was performed using GFZ’s EPOS.P8 
software based on a classical network approach while introducing satellite orbits, clock 
corrections, and Earth rotation parameters from GFZ repro3 solution (Männel et  al. 
2020, 2021). According to the current IERS Conventions 2010 (Petit and Luzum 2010) 
nontidal surface loading was not corrected.

To account for the contribution of the observed height changes to gravity, we used 
the free-air vertical gravity gradient (FAG) measured by a Scintrex CG5 gravity meter 
(Portier et  al. 2020). This method (Hunt et  al. 2002) was realised by gravity measure-
ments with a tripod (at different heights above the concrete pillar) at each of the three 
gravity stations (Fig. 15, Appendix). We observed −319 µGal  m−1 for SCGW (iGrav006), 
−330 µGal  m−1 for SCGC (iGrav015) and −307 µGal  m−1 for SCGE (iGrav032).

Gravity contributions and geothermal signals
Local environmental observations at Þeistarykir

Figure  3 displays the measured environmental parameters for the 3-year study period 
at the Þeistareykir site. Table 2 gives the minimum and maximum values, and standard 
deviations for each parameter. The time-series show daily values, representing the small-
est common time interval of the obtained data. Figure 3a shows the relative soil water 
content variations at different depths averaged from all soil moisture measurements 
at the three Þeistareykir gravity stations. The short- and long-term soil water content 
variations are similar in their overall dynamics in all depth layers, but their amplitudes 
decrease with depth. We observe largest soil water content variations at 10  cm depth 
with a standard deviation of 1.45 Vol% and decreasing variations with increasing depth 
(SD of 1.10 Vol% at 80 cm depth, see also Figure 13, Appendix).

The results of the snow measurements are shown in Fig. 3b. The SWE time-series from 
the snow pack analyser (black line) and the snow scale (red line) show simultaneous 
responses to snow mass accumulation during the three winter periods. However, there is 
a large difference in amplitude between the two monitoring systems, with signals more 
than ten times larger for the snow pack analyser than for the snow scale. This can partly 
be explained by the different positions of the two instruments at SCGE (Fig. 14, Appen-
dix). As a result of different wind exposure, the snow cover can be expected to be differ-
ent at the two installation sites. This is also confirmed by time-lapse photos taken by the 
automatic cameras at the site. Snow conditions at SCGE in the course of one year are 
shown in Figure 16 in the Appendix. The differences between the two time-series could 
also be due to systematic measurement errors of the devices. The snow scale is known 
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Fig. 3 Environmental observations at Þeistareykir between November 2017 and October 2020, including 
a soil water content variations at different depths, averaged from soil moisture measurements at the three 
Þeistareykir gravity stations, b snow water equivalent observed from snow pack analyser and snow scale 
at SCGE, and c vertical surface displacement observed from continuous GNSS measurements at the three 
gravity stations and linear approximations; data gaps in the GNSS records (Dec. 2017 to May 2018 for SCGW, 
Feb. 2019 to June 2019 and Oct. 2019 to Feb. 2020 for SCGC) are due to receiver malfunctions

Table 2 Quantities of environmental parameters (except tides) determined for the three gravity 
stations at Þeistareykir; including minima, maxima and standard deviations for soil water content 
variations at different soil depths, snow water equivalent and vertical surface displacement

Environmental parameters Unit Min Max SD

Soil water content variation

 10 cm depth Vol% −4.98 3.41 1.45

 30 cm depth −4.00 3.89 1.26

 50 cm depth −3.12 3.63 1.19

 80 cm depth −3.33 3.52 1.10

Snow water equivalent

 Snow pack analyser mm 0.00 758.06 159.10

 Snow scale 0.00 91.55 16.33

 Mean snow water equivalent 0.00 408.13 86.02

Vertical surface displacement

 SCGW mm −51.51 11.89 11.58

 SCGW linear trend 0.00 −31.56 0.26

 SCGC −37.39 18.21 7.03

 SCGC linear trend 0.00 −4.22 0.23

 SCGE −43.78 15.42 6.98

 SCGE linear trend 0.00 −0.84 0.22
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to underestimate SWE because of the internal cohesion of the snowpack, i.e. the forma-
tion of snow or ice bridges between the snow pack on top of the scale and the surround-
ing snow cover (e.g. Grossi et al. 2017). On the other hand, the lowest monitoring strap 
of the snow pack analyser used here for deriving SWE may tend to overestimate SWE 
because of the more compacted, denser snow pack at this depth, compared to the lower 
density snow in upper parts of the snow cover. To model the gravity effect of the snow 
mass, we used mean SWE values (blue line) from the two measuring systems.

In Fig. 3c, we show vertical surface displacement observed from GNSS monitoring at 
the three gravity stations at Þeistareykir (blue, green and red dots). The periodical varia-
tions of approximately ± 5 mm per 3 months are caused by nontidal loading. For calcula-
tion of the vertical velocities, we applied a linear fit on the 3-year GNSS data (coloured 
lines in Fig. 3c). This revealed a significant subsidence of −11.1 mm  year−1 for SCGW 
(blue line) and small trends of −1.5 and −0.3 mm  year−1 for SCGC and SCGE (green 
and red lines). These values coincide with InSAR observations from the Iceland Geo-
Survey (ÍSOR), which show increased subsidence rates of −7 to −8 mm  year−1 in the 
injection zone (SCGW) between summer 2018 and 2019 (Drouin et al. 2020). For the 
subsequent gravity reductions, we only used the contributions from the vertical veloci-
ties (linear trends) of the GNSS data.

Environmental gravity reductions

Figure 4 shows the gravity contributions from global models (for the entire study area) 
and the observed environmental parameters (from Fig.  3) expressed in µGal for each 
of the three gravity stations at Þeistareykir. Table 3 gives the minimum, maximum and 

Fig. 4 Environmental gravity contributions in µGal for each gravity station: a global gravity contributions, 
b soil water content variations, c snow water equivalent, and d vertical surface displacement derived from 
linear velocities
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standard deviation for each parameter. Among the global gravity contributions (Fig. 4a), 
the atmospheric effect (green line) shows the largest gravity contribution of more than 
2 µGal. The gravity contributions modelled for global hydrology (red line) are dominated 
by a seasonal component, whereas the gravity signal of nontidal ocean loading (blue 
line) is of higher frequency. Both components have a minor effect on the reduction of 
the local gravity residuals. We expect mean uncertainties of 0.38 µGal for global hydrol-
ogy and 0.17 µGal for nontidal ocean loading, based on the uncertainty assessment of 
Mikolaj et al. (2019). The total effect (black line) of these large-scale contributions to the 
local gravity observations has a seasonal amplitude of up to 4 µGal peak-to-peak and a 
standard deviation of about 1 µGal (Fig. 4a, Table 3).

From all environmental contributions vertical surface displacement at SCGW 
(−11.1 mm  year−1; see also Fig. 3) causes the largest gravity effect of up to 10 µGal over 
the entire observation period (Fig. 4d). Global gravity contributions and variations in soil 
water content only exhibit a very small contribution to the gravity variations observed by 
all three iGravs. For the reduction of snow, the gravity effect for SCGE and SCGC are 
larger than for SCGW, visible between December 2019 and May 2020 (Fig. 4c). This can 
be explained by the different topography surrounding the three gravity stations, consid-
ered as input parameter for the snow effect modelling. At SCGW with several little hills 
around it, a larger amount of snow cover is located at elevations higher than the gravity 
sensor of iGrav006. This creates a partly negative gravity effect and reduces the net grav-
ity reduction of snow mass changes for SCGW.

Gravity residuals

In Fig.  5, we compare the time-series of gravity residuals of iGrav006, iGrav015 and 
iGrav032, before and after the combined environmental reductions of global effects, soil 
water content, snow water equivalent and vertical surface displacement. The initial residu-
als (before the aforementioned environmental reductions were applied) have been derived 
by reducing Earth and ocean tides, polar motion, local pressure and instrumental drift, as 
well as removing spikes and offsets (caused by earthquakes and other disturbances) from 

Table 3 Quantities of environmental parameters (in μGal) determined for the three gravity stations 
at Þeistareykir; including minima, maxima and standard deviations for global gravity contributions, 
soil water content variations, snow water equivalent and vertical surface displacement

Environmental parameters Station Min Max SD

Global atmosphere Entire area −1.76 2.60 0.63

Global hydrology Entire area −0.71 1.49 0.55

Nontidal ocean loading Entire area −1.35 1.39 0.37

Total global effect Entire area −1.62 3.45 0.91

Soil water content variation SCGW −1.60 2.05 0.58

SCGC −2.07 2.27 0.69

SCGE −1.97 2.21 0.66

Snow water equivalent SCGW 0.00 1.87 0.47

SCGC 0.00 11.07 1.85

SCGE 0.00 8.52 1.25

Vertical surface displacement SCGW 0.00 10.92 3.26

SCGC 0.00 1.51 0.45

SCGE 0.00 0.28 0.08
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the original gravity time-series (Schäfer et al. 2020). Reductions of the individual environ-
mental gravity contributions for each iGrav are shown in Figures 17, 18, 19 in the Appendix.

From linear regression of the reduced time-series, depicted by dashed lines in Fig. 6, 
we determined a gravity increase of 2.2 µGal  year−1 for SCGW (iGrav006) and a gravity 
decrease of −9.0 µGal  year−1 for SCGE (iGrav032). Figure 6 also shows the gravity dif-
ferences between the iGrav residuals after reduction of the environmental contributions. 
The gravity differences of two instruments exhibit an additional reduction of variabil-
ity and amplitudes, i.e. they are smoother than the iGrav residuals themselves. This is 
because gravity changes that similarly appear at two stations cancel out to some extent 
in the differences. The remaining gravity variations can be attributed to effects that are 
locally different at the two stations and have not been reduced by the applied reduction 
models. Assuming that the local and large-scale gravity contributions as described above 
are precisely evaluated based on the in situ observations and the standard models, these 
remaining variations can be mainly attributed to geothermal mass changes (Δggeoth in 
Eq. 1), induced by mass extraction in the vicinity of SCGE (iGrav032) and reinjection of 
effluent water close to SCGW (iGrav006). For iGrav015, the gravity signal is more simi-
lar to iGrav032 than to iGrav006, which is clearly visible in the lower residual amplitudes 
of the differences between iGrav032 and iGrav015 (red line) compared to the differences 
between iGrav006 and iGrav015 (orange line). This suggests that SCGC receives a larger 
contribution to the gravity signal from mass extraction (depth ~ 2 km) rather than from 
mass reinjection (depth ~ 400 m).

One particular phenomenon is the large gravity increase of about 10  µGal between 
May and July 2020, which is most pronounced in the signal from iGrav006. We assume 
this is due to local accumulation of snowmelt water (see also higher values of soil water 
content for that time; Fig.  4b) which drains off more easily at the other stations. At 

Fig. 5 Gravity residuals of the three iGravs at Þeistareykir before and after the combined reduction of 
environmental effects including global effects, soil water content variations, snow water equivalent and 
vertical surface displacement (see Figs 17, 18, 19 in the Appendix for individual environmental contributions)
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SCGW there is a small nearby lake, which may contribute to this pronounced water 
storage increase for a period of several weeks. This anomaly (dotted sections in iGrav 
residuals in Fig. 6) was excluded for the linear approximations of iGrav006 and iGrav032.

Geothermal signals

We investigate the subsurface mass changes that are primarily caused by geothermal fluid 
extraction and reinjection activities at the Þeistareykir power plant. For this purpose, we 
compare the gravity residual time-series (from Fig.  6) with relative groundwater levels 
(GWL) and geothermal flow rates at Þeistareykir. The latter two were supplied as local 
monitoring data by the power plant operator (Landsvirkjun). The locations of the GWL 
monitoring wells and the injection well pad are depicted in Fig.  1. As shown in Fig.  7, 
during the initial period, when injection flow is increased to just below 120 kg   s−1 (May 
2017 until January 2018), only a slight increase of GWL of about 2 m occurs. After Janu-
ary 2018, when injection flow is increased above 180 kg   s−1, GWL increases at a higher 
rate and by about 6 m until July 2018. For the subsequent periods of reduced geothermal 
flow rates (start of extraction and injection declines indicated by dashed arrows in Fig. 7), 
we notice an immediate descending response in the GWLs followed by a rebound when 
the flow rates are increased again. The direct response in the GWLs during periods of high 
extraction and injection flow rates suggests that the subsurface hydrology consists of pres-
sure controlled systems. When the injection flow rates are reduced below 160 kg  s−1, pres-
sure reduces instantaneously indicating that the reinjection system is open with a natural 
westward outflow in the order of the same amount towards the GWL monitoring wells. 
We observe similar effects for the gravity time-series, like the long-term increasing trend 
in the differences (iGrav006–iGrav032) and short-term gravity responses (decrease in the 

Fig. 6 Gravity residuals and differences between iGrav006, iGrav015 and iGrav032 after reduction of global 
effects, soil water content variations and vertical surface displacement; dotted sections of gravity residuals 
show possible effects of snow melting between May and July 2020, which are excluded for the linear 
approximations for iGrav006 and iGrav032 (black, dashed lines)
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differences and increase in the iGrav015 and iGrav032 residuals; marked by A, B, C and D 
in Fig. 7) after reduced geothermal flow rates in March to April 2019 and July to September 
2019. However, the gravity responses show time delays of several days up to weeks in com-
parison to the injection rates and GWL changes. For iGrav006 these responses are miss-
ing (or barely visible) in the gravity residuals. Although GWL observation wells are missing 
in the eastern (extraction) area of the geothermal field, these observations are indicating a 
boundary between the injection and extraction areas that can be assumed between SCGW 
and SCGC (s. below).

Geothermal interpretation
Implications from gravity, groundwater and geothermal observations

Following temporary reduction in extraction and injection rates, the GWL data show a 
direct response, indicating that the reinjection aquifer is confined at high injection rates 
(above 180 kg  s−1) and that the observed response is relative to pressure change in the aqui-
fer. The delayed responses in the gravity data indicate that groundwater is moving with dif-
ferent time constants in the extraction and injection areas, possibly due to pressure-induced 
changes in permeability. These time delays may also be attributed to a season-dependent 
natural recharge in the area of the extraction wells, resulting from, e.g. rainfall or snow-
melt events that recharge the groundwater system at larger distances from the monitoring 
site, e.g. on the surrounding volcano ridges, and that are thus not registered by the local 
hydrometeorological sensors at the gravity stations. In May 2020, injection and extraction 
were more permanently reduced, and the response of the gravity meters is also delayed. In 

Fig. 7 Comparison of iGrav residuals and gravity differences between iGrav006 and iGrav032 with relative 
groundwater levels (GWL 2, 7 and 8) and with geothermal extraction and injection flow rates of the 
Þeistareykir power plant from July 2017 until October 2020; dashed arrows mark the beginning of periods 
with reduced geothermal flow rates and capital letters mark possible response in the gravity residuals and 
differences (A, B, C and D; with same colour as the corresponding gravity time-series)
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addition, the gravity difference (iGrav006–iGrav032) is not raising any more, suggesting 
that the mass difference may have become stationary between extraction and recharge, and 
injection and outflow. This could indicate that the system may have attained “equilibrium/
steady-state” conditions.

The gravity responses from iGrav015 and iGrav032 (marked by A, B, C and D in Fig. 7) 
are missing (or barely visible) in the iGrav006 residuals. This suggests that reinjected 
fluids cause a much lower gravity contribution, compared to extraction although the 
injection depth is much shallower than for extraction, which is another indication for an 
(to some extend) open injection aquifer. The varying gravity responses between SCGW 
and SCGE/SCGC additionally indicate, that there is a boundary between the reinjection 
area in the west and the extraction area in the east. The location of this boundary may 
be indicated by the surface appearance of the Tjarnarás fault (see Fig.  1). In order to 
understand and quantify those data, one should model the hydraulic features and adjust 
hydraulic parameters such as hydraulic diffusivity and consider other influences, such 
as the temperature and density of the fluid injected, and the detailed geology of the res-
ervoir, as known from exploration drilling at Þeistareykir (Kewiy 2013; Óskarsson 2015; 
Gudjónsdóttir 2018).

In a first-order approximation, from the GWL data observation, it seems that the 
“equilibrium/steady-state” conditions for the injection aquifer may be reached when 
injection rate is around 140 kg  s−1 after about 3 years of power plant operation. Above 
that injection value, the pressure in the aquifer increases. This indicates that the aquifer 
is a partly open system with additional storage capacities for the reinjected fluids. Cor-
relation between changes in reinjection and GWL changes west of the Tjarnarás fault 
system (yellow dashed line in Fig. 1) suggest that there is good pressure connection in 
the western compartment of the Þeistareykir geothermal reservoir. When injection rates 
are very low, the aquifer system tends to return to the initial state, prior the start of rein-
jection. The data after June 2020, when power production was reduced by approximately 
30% and extraction rates are in the order of 220 kg  s−1 (and ~ 140 kg  s−1 injection) sug-
gests “steady-state conditions” for such operation modus after about 3 years of opera-
tion. This hypothesis is also supported by the gravity observations in Fig. 7: the difference 
between the gravity variations at SCGW and SCGE that was continuously increasing 
changes slope and remains more or less constant for the time interval observed after 
extraction decrease (June 2020).

Our continuous gravity monitoring results were also used in a hybrid gravity study 
including measurements of the three iGravs and a Scintrex CG5 gravity meter at Þeistar-
eykir (Portier et al. 2021). The study with both gravity meter types confirms our observa-
tion of long-term gravity decrease at the extraction zone and minor gravity changes at 
the injection zone.

Newtonian gravity model of extracted and injected geothermal fluids

Using production data from Landsvirkjun (extracted geothermal fluid and injected 
water), we can compute the total mass extracted during the period from 2018 to 2020 
(3  years, Fig.  8). This allows us to estimate a first order of magnitude of the expected 
gravity signal. The following modelling approach is based on the studies from Jousset 
et al. (2000).
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As first estimation of the expected gravity signal, we computed separately the contri-
butions of extracted and injected masses, assuming that there is only one well which 
extracts (or injects) the total mass (~ 2.3  1010 kg) between starting and end point. As we 
are in volcanic terrain, we assume that masses are extracted from and injected to a single 
layer at the bottom depth of the wells below surface, ~ 2000 m for extraction and ~ 400 m 
for injection. We assume the thickness of the layer to be 20  m, with porosity of 10%. 
When mass is extracted (or injected) the affected volume is supposed to be confined in 
the layer, and we assume that the influence is isotropic. Therefore, the affected area of 
the model has a cylindrical shape. Equation 2 and Table 4 show the results for such con-
figuration. The final radius of the cylinder is less than 2000 m. For the extraction (depth 
2000 m), the amplitude of the gravity signal above the cylinder is of the order of −20 to 
−30 μGal at the surface. For the injection (depth 400 m), the amplitude of the gravity is 
about +60 to +70 μGal. The net gravity should then increase, by about 30 to 50 μGal:

As a further attempt to describe more accurately the gravity changes and follow tem-
poral evolution, we computed the daily mass transfer contribution of each well (extrac-
tion and injection) for each gravity station (SCGW, SCGC and SCGE). Assuming that 
each well affects a cylindrical area surrounding the feed zone location at depth, we com-
puted the attraction due to mass extraction and injection for each gravity station with 
time (1 value per day). Figure 9 shows the locations of the iGravs and the feed zones for 
each well. Figure 10 shows the results of the continuous gravity model for each gravity 
station. The largest gravity contributions result from the injection wells (near SCGW) 
because the injection depth is closer to the surface than for extraction.

(2)g = 2 ∗ π ∗ G ∗ ρ ∗ ϕ ∗
(

h+
√
z ∗ z + r ∗ r −

√

(z + h) ∗ (z + h)+ r ∗ r
)

.

Fig. 8 .
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The orders of magnitude found from both computations are larger than the observed 
gravity amplitudes. In particular, for injection, those results suggest that most of the 
injected fluid is transported away through the Tjarnarás fault system, leaving the geo-
thermal area or returning into the deep reservoir. More detailed computations are 
required to better understand the influence of the heterogeneous reservoir parameters 
and to conclude on recharge processes and long-term behaviour of the geothermal field.

Conclusions
We deployed and maintained a network of multiparameter stations including three 
iGravs superconducting gravity meters for more than 3 years at the Þeistareykir geother-
mal field in North Iceland. This allows us to monitor and detect mass changes associated 

Table 4 Estimation of the gravitational attraction associated with a cylinder a depth

Parameter Symbol Value

Gravitational constant G 6.67  10–11  m3  kg−1  s−2

Volumic mass cylinder ρ 1000 kg  m−3

Thickness cylinder h 20 m

Height above cylinder z 2000 m

Porosity φ 0.1

Mass considered M 23,652,000,000 kg

Fluid volume Vfluid = M/ρ 236,520,000  m3

Rock total volume Vtotal rock = (M/ρ)/φ 2,365,200,000  m3

Volume cylinder Vcyl = π*r*r*h

Radius cylinder rcyl = sqrt( V/(π*h)) 1940 m

Gravity (including porosity) g 2.35  10–7 m  s−2

Fig. 9 Feed zone and gravity station locations
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with environmental and geothermal phenomena. The continuous gravity records were 
reduced from environmental contributions by means of accurate measurements and 
modelling of global effects, hydrology, snow and vertical surface displacement. The 
amplitudes of the environmental contributions never exceeded 10 µGal (except tides). 
Residuals were interpreted in terms of groundwater level changes and redistribution of 
geothermal fluids. The analysis of the continuous observation data revealed:

• Gravity increase of 2.2 µGal  year−1 at the site above injection (as expected due to the 
injected water mass).

• Gravity decrease of −9.0 µGal  year−1 at the site above the extraction of mass.
• Direct correlation between groundwater levels/pressures and injection flow rates, 

which indicates that the reinjection system is subject to a confined aquifer.
• Delayed responses in the gravity signals only above the extraction zone, indicating 

that there is a reservoir boundary between the reinjection and the extraction areas.
• The observed responses in groundwater levels and gravity indicate that the hydraulic 

response of the hydrothermal system is mainly governed by a partially filled aqui-
fer up to injection flow rates of 140 kg   s−1 for which the system may have reached 
steady-state conditions between extraction, natural recharge, injection and outflow. 
Above this value, the injection system is over-pressurised.

• Comparison to a simplistic gravity model of the extracted and injected water masses 
shows larger amplitudes than the observed gravity signals at the injection zone, which 
indicates a quick fracture-favoured run-off of the reinjected fluids. However, due 
to the very heterogeneous underground, refined computations are required to fully 
understand the complex mass transport processes within the geothermal system.

Fig. 10 Gravity modelled for the three gravity stations considering masses extracted/injected from all wells. 
Although the mass balance is close to zero in the modelling, gravity increases as the injected mass is located 
closer to the surface, explaining that the modelled total contribution is positive at all three locations
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This study demonstrates that a network of multiple gravity stations is useful for moni-
toring geothermal reservoirs and for determining steady-state injection and extraction 
conditions. In addition, it shows that observations of environmental parameters are fun-
damental to obtain accurate estimations of geothermal signals in volcanic environments. 
This study may also be useful for understanding gravity changes occurring at active vol-
canoes, where the effects of environmental parameters must be accurately evaluated, in 
order to understand volcano-related mass changes.

Appendix 1: Results of ETERNA 3.4 tidal analysis for iGrav006 (SCGW)
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Appendix 2: Results of ETERNA 3.4 tidal analysis for iGrav015 (SCGC)
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Appendix 3: Results of ETERNA 3.4 tidal analysis for iGrav032 (SCGE)

Appendix 4: Theoretical models used for long period tides (SCGW)
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See Figures 11, 12, 13, 14, 15, 16, 17, 18, 19. 

Fig. 11 Top view sketches of the hydrometeorological sensors (ROMPS) for the three gravity stations at 
Þeistareykir; bottom image (east station) includes positions of snow scale (SSG) and snow pack analyser (SPA)
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Fig. 12 Instrumental drift correction for the three iGravs at Þeistareykir by comparison to FG5#206 
absolute measurements in summers 2018, 2019 and 2020 (red dots with error bars); drift corrected iGrav 
residuals shown with dark shaded colours (dark blue, dark green and purple); enlarged section shows initial 
exponential drift that was removed in iGrav006 residuals

Fig. 13 Variation of soil water content with depth below surface; black squares show standard deviation 
of mean soil water content at different depths from all gravity stations, red stars mark mean SD for each 
depth layer, linear fit of SD mean values (red dashed line) reveals depth of zero soil water content variation at 
 y0 = 1.82 m
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Fig. 14 East station (SCGE) showing positions of snow scale (left) and snow pack analyser (SPA, right); photos 
taken at the same time (08 February 2020, 13:10) show different snow cover at the two instruments due to 
varying wind exposure

Fig. 15 Measuring setup at Þeistareykir for determination of the free-air vertical gravity gradient with the 
help of a CG5 Scintrex gravity meter and a tripod; gravity measurements were performed directly on the 
concrete pillar, at 60 cm and at 120 cm above the pillar
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Fig. 16 East station (SCGE) in the course of the four seasons in 2019: a February, b May, c August and d 
November

Fig. 17 Reductions of environmental gravity contributions for iGrav006 (SCGW, 3 years observation period) 
for a global gravity contributions; b soil water content variations; c snow water equivalent, and d vertical 
surface displacement
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Fig. 18 Reductions of environmental gravity contributions for iGrav015 (SCGC, 1.3 years observation period) 
for a global gravity contributions; b soil water content variations; c snow water equivalent, and d vertical 
surface displacement

Fig. 19 Reductions of environmental gravity contributions for iGrav032 (SCGE, 3 years observation period) 
for a global gravity contributions; b soil water content variations; c snow water equivalent, and d vertical 
surface displacement
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Abbreviations
DEM  Digital elevation model
FAG  Free-air vertical gravity gradient
GNSS  Global Navigation Satellite System
GWL  Groundwater level
HyGra  Hydro-gravitational modelling
IERS  International Earth Rotation and References Systems Service
SCGC   Superconducting Gravity Station, Central Position
SCGE  Superconducting Gravity Station, Eastern Position
SCGW   Superconducting Gravity Station, Western Position
ROMPS  Remotely operated multiparameter stations
SWE  Snow water equivalent
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