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article ducting gravity meters for continuous monitoring of the Peistareykir 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 uGal (1 pGal=10"%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 uGal
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 peistareykir 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~' and injection flow rates below 160 kg s™'. 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.

Keywords: Geothermal monitoring, Superconducting gravimetry, Time-series analysis,
Gravity reduction, beistareykir

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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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 pGal (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 pGal,
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 pGal hPa™'. 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"* uGal) 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, Schifer 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 Peistareykir, 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 (Armannsson
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 Peistareykir in the 1970s and 1980s suggested beneficial reservoir temperatures
(<280 °C), which was confirmed after exploration well drilling between 2002 and 2012
(Oskarsson 2015). We started our observations in December 2017 shortly after a new
geothermal power plant (with 90 MWe total capacity) started operation in Peistareykir.
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. Schéfer
et al. (2020) provide further details about the gravity station setup and the continuous
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Fig. 1 Location of the three continuous gravity stations (red stars) at Peistareykir 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 Tjarnaras fault (yellow
dashed line), the central station (SCGC, iGrav015) is positioned between the extraction and injection zones;
groundwater level monitoring wells (GWL, blue triangles)

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:
3g
Agobs = Agtide—i_Agatm—i_Agpm—i_Agglob—i_Aghydr—i_Agsnow—i_E*Ah—i_Aggeoth—i_Error'
(1)

These include gravitational effects induced by solid Earth and ocean tides Agq., local
atmospheric mass changes Ag,,, polar motion Ag,, global atmosphere, large-scale
hydrology and nontidal ocean loading Ag,, local hydrology in terms of soil moisture
changes Agy, 4, snow Ag,., vertical surface displacement Ah with the vertical gravity
gradient 3g/8h and geothermal mass changes Ag,... 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,
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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; Schone 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 Peistareykir. 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 Peistareykir 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 Schifer 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 pGal and £2.0 pGal. Initial exponential
drift of a few days is removed for iGrav006. Schifer 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 uGal after 40 days). How-
ever, for the long-term drift rates linear adjustments could be determined for all three
iGravs (+6.1 puGal yr~! for iGrav006, +5.2 pGal yr~! for iGrav015 and —53.9 pGal yr—*
for iGrav032) within the uncertainties of the FG5#206 measurements.
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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 (Kliigel 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/computation.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 c¢m,
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 Leirido 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 Profile distance to iGrav pillar Sensor depths [m]
profiles [m]

SCGW 14 4 6.5,75/121,12.1 0.1 (4x),03(4x),05 (4x),
0.8 (2x)

SCGC 13 5 103,119,119,134,134 0.1(5x%),03 4x),0.5(3x),
0.8 (1x)

SCGE 13 4 8.1,84,114,114 0.1 (4x),03(4x),05(3x),06
(1x),0.8(1x)
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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 m? 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 Peistareykir 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 (Ménnel 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 pGal m~* for SCGW (iGrav006),
—330 pGal m ™! for SCGC (iGrav015) and —307 uGal m™! for SCGE (iGrav032).

Gravity contributions and geothermal signals

Local environmental observations at bPeistarykir

Figure 3 displays the measured environmental parameters for the 3-year study period
at the beistareykir 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 Peistareykir 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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Table 2 Quantities of environmental parameters (except tides) determined for the three gravity
stations at Peistareykir; including minima, maxima and standard deviations for soil water content
variations at different soil depths, snow water equivalent and vertical surface displacement

Environmental parameters Min Max SD
Soil water content variation
10 cm depth —4.98 341 145
30 cm depth —4.00 3.89 1.26
50 cm depth —3.12 363 1.19
80 cm depth —3.33 3.52 1.10
Snow water equivalent
Snow pack analyser 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 —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 1542 6.98
SCGE linear trend 0.00 —0.84 0.22

Page 8 of 28
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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 Peistareykir (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™! for SCGW
(blue line) and small trends of —1.5 and —0.3 mm year ' for SCGC and SCGE (green
and red lines). These values coincide with InSAR observations from the Iceland Geo-
Survey (ISOR), which show increased subsidence rates of —7 to —8 mm year™ ! 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 pGal for each
of the three gravity stations at Peistareykir. Table 3 gives the minimum, maximum and

(a) 4 (b) 4 : . : :
Global gravity contributions Soil water gravity contril
34 Global atmosphre 4 34
Global hydrology gggév
—_— [—— Nontidal ocean loading| SCGE
©T 24 Total effect % 2
9 o
= ES
2 1 i~ 14
> =
© >
5 04 S o
o o

2 2
Oct17 Apr18 Oct18 Apr19 Oct19 Apr20 Oct20 Oct17 Apr18 Oct18 Apr19 Oct19 Apr20 Oct20
(c) 12 . . : : (d) 12 . , : , .
Snow water equi gravity contril Vertical displacement gravity contributions
10{—scow| 1 10— scew
——scGe ——SCGC
= g —scee | = g | SCeE
(O]
O =1
= =
> 6 2> 6
£ >
© 4 6 4
(O]

Oct17 Apri8 Octl8 Aprl9 Octl9 Apr20  Oct20 Oct17 Apri8 Oct18 Aprl9 Octl9 Apr20  Oct20
Fig. 4 Environmental gravity contributions in uGal for each gravity station: a global gravity contributions,
b soil water content variations, ¢ 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 uGal. 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 pGal for global hydrol-
ogy and 0.17 uGal 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 pGal peak-to-peak and a
standard deviation of about 1 pGal (Fig. 4a, Table 3).

From all environmental contributions vertical surface displacement at SCGW
(—11.1 mm year™'; see also Fig. 3) causes the largest gravity effect of up to 10 pGal 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 ini-
tial residuals (before the aforementioned environmental reductions were applied)
have been derived by reducing Earth and ocean tides, polar motion, local pressure and

Table 3 Quantities of environmental parameters (in uGal) determined for the three gravity stations
at peistareykir; 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 —-0.71 149 0.55
Nontidal ocean loading Entire area —135 1.39 037
Total global effect Entire area —1.62 345 0.91
Soil water content variation SCGW —1.60 2.05 0.58
SCGC —207 227 0.69
SCGE —-197 2.21 0.66
Snow water equivalent SCGW 0.00 1.87 047
SCGC 0.00 11.07 1.85
SCGE 0.00 852 1.25
Vertical surface displacement SCGW 0.00 10.92 3.26
SCGC 0.00 1.51 045

SCGE 0.00 0.28 0.08
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Fig. 5 Gravity residuals of the three iGravs at Peistareykir 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)

instrumental drift, as well as removing spikes and offsets (caused by earthquakes and
other disturbances) from the original gravity time-series (Schifer et al. 2020). Reduc-
tions of the individual environmental 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 pGal year™! for SCGW (iGrav006) and a gravity
decrease of —9.0 uGal year™! 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 (Aggeou 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 pGal between
May and July 2020, which is most pronounced in the signal from iGrav006. We assume
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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)

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
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 Peistareykir power plant. For this pur-
pose, we compare the gravity residual time-series (from Fig. 6) with relative groundwater
levels (GWL) and geothermal flow rates at Peistareykir. 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~
(May 2017 until January 2018), only a slight increase of GWL of about 2 m occurs. After
January 2018, when injection flow is increased above 180 kg s™!, 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 pressure controlled systems. When the injection flow rates are
reduced below 160 kg s™!, pressure reduces instantaneously indicating that the reinjec-
tion system is open with a natural westward outflow in the order of the same amount
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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
peistareykir 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)

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 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 comparison to the injection rates and
GWL changes. For iGrav006 these responses are missing (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 injec-
tion 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 aquifer. The delayed responses in the gravity data indicate that groundwater is mov-
ing with different 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 snowmelt events that recharge the groundwater system at larger distances
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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 grav-
ity meters is also delayed. In 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 Tjarnards fault (see Fig. 1). In order to understand and
quantify those data, one should model the hydraulic features and adjust hydraulic param-
eters such as hydraulic diffusivity and consider other influences, such as the temperature
and density of the fluid injected, and the detailed geology of the reservoir, as known from
exploration drilling at Peistareykir (Kewiy 2013; Oskarsson 2015; Gudjénsdéttir 2018).

In a first-order approximation, from the GWL data observation, it seems that the “equi-
librium/steady-state” conditions for the injection aquifer may be reached when injection
rate is around 140 kg s~! 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. Correlation between
changes in reinjection and GWL changes west of the Tjarnaras fault system (yellow dashed
line in Fig. 1) suggest that there is good pressure connection in the western compartment
of the Peistareykir geothermal reservoir. When injection rates are very low, the aquifer sys-
tem tends to return to the initial state, prior the start of reinjection. The data after June
2020, when power production was reduced by approximately 30% and extraction rates are
in the order of 220 kg s~ (and ~ 140 kg 5! injection) suggests “steady-state conditions”
for such operation modus after about 3 years of operation. This hypothesis is also sup-
ported 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 Peistar-
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 10'° 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 pGal at the surface. For the injection (depth 400 m), the amplitude of the gravity is
about 460 to 470 pGal. The net gravity should then increase, by about 30 to 50 pGal:

g:2*n*G*p>x<<p*(h+«/z*z+r*r—\/(z+h)*(z+h)+r*r). (2)

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
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Fig. 8 Daily mass transfer measured by Landvirskjun for each well (2018-2020); (top) extracted mass,
(bottom) injected mass; note that injected mass is slightly larger than extracted mass due to an additional
small amount from the cooling tower processes (different of about less than 5%) corresponding to an
average mass transfer of about 235 to 245 kg s~
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Table 4 Estimation of the gravitational attraction associated with a cylinder a depth

Parameter Symbol Value
Gravitational constant G 667107 m3ikg~"s72
Volumic mass cylinder 0 1000 kg m~3
Thickness cylinder h 20m
Height above cylinder z 2000 m
Porosity 0] 0.1
Mass considered M 23,652,000,000 kg
Fluid volume Vowg=M/p 236,520,000 m*
Rock total volume Viotal rock = (M/0)/@ 2,365,200,000 m?
Volume cylinder Ve =1*rr*h
Radius cylinder el = sqrt(V/(mh)) 1940 m
Gravity (including porosity) g 235107 ms™?
Feed zones in wells and gravity stations
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Fig. 9 Feed zone and gravity station locations

station. The largest gravity contributions result from the injection wells (near SCGW)
because the injection depth is closer to the surface than for extraction.

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 Tjarnaras 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 Peistareykir geother-
mal field in North Iceland. This allows us to monitor and detect mass changes associ-
ated with environmental and geothermal phenomena. The continuous gravity records
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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

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 uGal (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 uGal year™! at the site above injection (as expected due to the
injected water mass).

« Gravity decrease of —9.0 uGal year " 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™* 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 sys-
tem.

Page 17 of 28
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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

(2021) 9:26

order to understand volcano-related mass changes.

Appendix 1: Results of ETERNA 3.4 tidal analysis for iGrav006 (SCGW)

Program ANALYZE, version 3.40 970921 File: iGrav006
ifdsssssssssssssssssdsstssssdsasssssastsstapsaatapsssanaitadnnhisdsssd
# SCGW #
# 65.8853N  16.975W H331.8M #
# 1iGrav006 #
# 2018.03.01 - 2020.10.12 #
# Theistareykir West #

iidddssssssissassissssidsdssiisagsiisstaiisssaiisasissas it tnnhisdsdi
Latitude: 65.8853 deg, longitude:-16.9750 deg, azimuth: 0.0000 deg.
20180301...20201012 1 blocks. Recorded days in total: 956.999
Hartmann+Wenzel (1995) TGP, threshold: 0.100D-09 12011 waves.
WAHR-DEHANT-ZSCHAU inelastic Earth model used.

UNITY window used for least squares adjustment.

Sampling interval: 60. s

Numerical filter is no filter with 1 coefficients.

Average noise level at frequency bands in nm/s**2
0.1 cpd 0.471378 1.0 cpd 0.051222 2.0 cpd 0.019616
3.0 cpd 0.011145 4.0 cpd 0.011151 white noise 0.067594

adjusted tidal parameters

theor.
from to wave ampl. ampl.fac. stdv. ph. lead stdv.
[cpd] [cpd] [nm/s**2 ] [deg] [deg]
0.025811 0.044653 MM 50.8791 1.11639 0.01842 0.4742 0.9407
0.060131 0.080798 MF 96.3258 1.14278 0.00570 0.6297 0.2865
0.096422 0.115412 MTM 18.4433 1.13124 0.01953 0.4300 0.9910
0.130192 0.249952 MQM 2.9457 1.20823 0.07434 -0.8992 3.5268
0.721499 0.833113 sGQ1 1.7126 1.15317 0.02222 -0.8652 1.1039
0.851181 0.870024 SGM1 7.0885 1.14361 0.00462 -2.7001 0.2313
0.887326 0.906316 Q1 44.4207 1.11945 0.00093 -0.8536 0.0475
0.921940 0.940488 O1 232.0049 1.12891 0.00018 0.9228 0.0093
0.958085 0.974189 NO1 18.2367 1.13595 0.00207 2.2021 0.1045
0.989048 1.013690 PSK1 326.1514 1.14758 0.00012 1.1921 0.0061
1.028549 1.044801 J1 18.2433 1.16482 0.00214 0.7074 0.1053
1.064840 1.080945 001 9.9794 1.14890 0.00417 0.3904 0.2079
1.099160 1.216398 NUL 1.9111 1.15101 0.02148 1.2756 1.0689
1.719380 1.837970 EPS2 0.9281 1.12937 0.01424 5.1460 0.7225
1.853919 1.872143 2N2 3.8409 1.19854 0.00299 4.2111 0.1431
1.888386 1.906463 N2 24.0490 1.22819 0.00060 2.1624 0.0282
1.923765 1.942754 M2 125.6044 1.24221 0.00012 0.7815 0.0057
1.958232 1.976927 L2 3.5506 1.20886 0.00549 1.0437 0.2601
1.991786 2.013690 S2K2 58.4324 1.23159 0.00026 -1.2136 0.0120
2.031287 2.047391 ETA2 0.8882 1.18625 0.01695 -1.6698 0.8187
2.067578 2.182844 2K2 0.2324 1.15539 0.05787 -5.8825 2.8701
2.753243 3.081255 M3 1.0101 1.07337 0.00822 -5.5396 0.4390

Adjusted meteorological or hydrological parameters:
no. regr.coeff. stdv. parameter unit
1 -3.79956 0.00295 airpress. nm/s**2 / hPa

Adjusted TSCHEBYSCHEFF polynomial bias parameters

block degree bias stdv.

Standard deviation: 44.768 nm/s**2

Degree of freedom: 1378034

Maximum residual: 116.573 nm/s**2

Maximum correlation: -0.085 airpress. with Y-wave-MF

Condition number of normal equ. 1.276
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Appendix 2: Results of ETERNA 3.4 tidal analysis for iGrav015 (SCGC)

(2021) 9:26

Program ANALYZE, version 3.40 970921 File: iGrav015
[idddsssssssssssssssssssssssssssasssssasssspdssssssssasssassssasnsasi
# SCGC #
65.8819N 16.9634W H340.4M
iGrav015

2019.06.13 - 2020.10.12
Theistareykir Central

B
= ds e e

#
[fdddsssdssssssssassssssssssssssasssssasssdsdssssssssasssassssadnsasi
Latitude: 65.8819 deg, longitude:-16.9634 deg, azimuth: 0.0000 deg.
20190613...20201012 1 blocks. Recorded days in total: 487.217
Hartmann+Wenzel (1995) TGP, threshold: 0.100D-09 12011 waves.
WAHR-DEHANT-ZSCHAU inelastic Earth model used.

UNITY window used for least squares adjustment.

Sampling interval: 60. s

Numerical filter is no filter with 1 coefficients.

Average noise level at frequency bands in nm/s**2
0.1 cpd 1.168548 1.0 cpd 0.083454 2.0 cpd 0.030888
3.0 cpd 0.020134 4.0 cpd 0.020573 white noise 0.100070

adjusted tidal parameters

theor.

from to wave ampl. ampl.fac. stdv. ph. lead stdv.
[cpd] [cpd] [nm/s**2 ] [deg] [deg]
0.025811 0.044653 MM 50.8747 1.16853 0.04946 2.8282 2.4036
0.060131 0.080798 MF 96.3173 1.13757 0.01274 0.2619 0.6437
0.096422 0.115412 MTM 18.4417 1.11220 0.04375 0.7169 2.2608
0.130192 0.249952 MQM 2.9455 1.18502 0.16376 -10.0463 7.9347
0.721499 0.833113 SGQ1 1.7128 1.22620 0.03462 -2.6076 1.6168
0.851181 0.870024 SGM1 7.0892 1.14960 0.00712 -2.6214 0.3549
0.887326 0.906316 Q1 44.4255 1.12245 0.00146 -0.9543 0.0743
0.921940 0.940488 O1 232.0298 1.12917 0.00029 0.9374 0.0146
0.958085 0.974189 NO1 18.2386 1.13887 0.00268 2.1272 0.1346
0.989048 1.013690 PSK1 326.1863 1.14735 0.00019 1.2039 0.0097
1.028549 1.044801 J1 18.2453 1.16026 0.00346 0.8509 0.1710
1.064840 1.080945 001 9.9805 1.15255 0.00573 0.4741 0.2847
1.099160 1.216398 NUL 1.9113 1.13326 0.02999 2.4183 1.5158
1.719380 1.837970 EPS2 0.9283 1.15714 0.02282 5.4131 1.1301
1.853919 1.872143 2N2 3.8419 1.19331 0.00472 4.4134 0.2266
1.888386 1.906463 N2 24.0554 1.22825 0.00097 2.3991 0.0454
1.923765 1.942754 M2 125.6378 1.24306 0.00020 0.7883 0.0090
1.958232 1.976927 L2 3.5515 1.17776 0.00736 1.1202 0.3579
1.991786 2.013690 S2K2 58.4480 1.23196 0.00041 -1.2763 0.0191
2.031287 2.047391 ETA2 0.8884 1.20327 0.02551 -3.6459 1.2145
2.067578 2.182844 2K2 0.2325 1.23493 0.07369 -1.1502 3.4193
2.753243 3.081255 M3 1.0105 1.11040 0.01507 -5.7103 0.7774
Adjusted meteorological or hydrological parameters:
no. regr.coeff. stdv. parameter unit

1 -3.78251 0.00407 airpress. nm/s**2 / hPa
Adjusted TSCHEBYSCHEFF polynomial bias parameters
block degree bias stdv.
Standard deviation: 47.290 nm/s**2
Degree of freedom: 701548
Maximum residual: 92.673 nm/s**2
Maximum correlation: -0.113 airpress. with Y-wave-MF

Condition number of normal equ. 1.462
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Appendix 3: Results of ETERNA 3.4 tidal analysis for iGrav032 (SCGE)

(2021) 9:26

Program ANALYZE, version 3.40 970921 File: iGrav032
iiiddssssssissasdissssidssssiisagsdisstisisdsatisassasat it danhisdsdi
# SCGE

65.8787N 16.943W H378.1M
iGrav032

2018.03.01 - 2020.10.12
Theistareykir East

#
#
#
#

o

#
#HEFF AR A A R R R
Latitude: 65.8787 deg, longitude:-16.9430 deg, azimuth: 0.0000 deg.
20180301...20201012 1 blocks. Recorded days in total: 957.000
Hartmann+Wenzel (1995) TGP, threshold: 0.100D-09 12011 waves.
WAHR-DEHANT-ZSCHAU inelastic Earth model used.

UNITY window used for least squares adjustment.

Sampling interval: 60. s

Numerical filter is no filter with 1 coefficients.

Average noise level at frequency bands in nm/s**2
0.1 cpd 0.515649 1.0 cpd 0.055501 2.0 cpd 0.023233
3.0 cpd 0.012482 4.0 cpd 0.011356 white noise 0.084572

adjusted tidal parameters

theor.
from to wave ampl. ampl.fac. stdv. ph. lead stdv.
[cpd] [cpd] [nm/s**2 ] [deg] [deg]
0.025811 0.044653 MM 50.8707 1.12239 0.02015 -2.3147 1.0239
0.060131 0.080798 MF 96.3098 1.13356 0.00624 0.8037 0.3160
0.096422 0.115412 MTM 18.4403 1.11368 0.02136 -1.7728 1.1013
0.130192 0.249952 MQM 2.9453 1.16246 0.08134 -3.1211 4.0106
0.721499 0.833113 sGQ1 1.7130 1.18983 0.02407 1.9006 1.1590
0.851181 0.870024 SGM1 7.0900 1.15460 0.00500 -1.9895 0.2482
0.887326 0.906316 Q1 44.4302 1.11909 0.00101 -0.6170 0.0515
0.921940 0.940488 O1 232.0543 1.12755 0.00020 0.9652 0.0101
0.958085 0.974189 NO1 18.2405 1.13716 0.00224 2.2595 0.1131
0.989048 1.013690 PSK1 326.2208 1.14659 0.00013 1.2177 0.0067
1.028549 1.044801 J1 18.2472 1.16783 0.00232 0.8827 0.1138
1.064840 1.080945 001 9.9816 1.14826 0.00452 0.7711 0.2254
1.099160 1.216398 NU1 1.9115 1.12038 0.02327 4.6679 1.1896
1.719380 1.837970 EPS2 0.9286 1.18337 0.01686 9.1674 0.8162
1.853919 1.872143 2N2 3.8429 1.19379 0.00354 4.8300 0.1701
1.888386 1.906463 N2 24.0615 1.22410 0.00072 2.3554 0.0335
1.923765 1.942754 M2 125.6699 1.24045 0.00015 0.8877 0.0067
1.958232 1.976927 L2 3.5524 1.20004 0.00650 1.2294 0.3102
1.991786 2.013690 S2K2 58.4629 1.23121 0.00031 ~-1.1088 0.0142
2.031287 2.047391 ETA2 0.8887 1.18160 0.02007 -3.1244 0.9729
2.067578 2.182844 2K2 0.2325 1.28277 0.06851 -8.5912 3.0602
2.753243 3.081255 M3 1.0109 1.06396 0.00920 -2.2433 0.4957

Adjusted meteorological or hydrological parameters:
no. regr.coeff. stdv. parameter unit
1 -3.68467 0.00371 airpress. nm/s**2 / hPa

Adjusted TSCHEBYSCHEFF polynomial bias parameters

block degree bias stdv.

Standard deviation: 56.013 nm/s**2

Degree of freedom: 1378035

Maximum residual: 146.301 nm/s**2

Maximum correlation: -0.084 airpress. with Y-wave-MF
Condition number of normal equ. 1.275

Appendix 4: Theoretical models used for long period tides (SCGW)

Solid Earth tide parameters using Wahr-Dehant-Defraigne (WDD) model:

Min freq [cpd] Max freq [cpd] Amplitude factor [nm s Phase shift [deg]

0.000000

Ocean loading parameters using FES2014b model from H.-G. Scherneck’s ocean loading provider:

0.025811 1.15800 0.0000

Amplitude factor [nm s Phase shift [deg] Group name

2.0700e-009

-1.9000 SSA

Group name

long
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See Figures 11, 12, 13, 14, 15, 16, 17, 18, 19.
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Fig. 11 Top view sketches of the hydrometeorological sensors (ROMPS) for the three gravity stations at
Peistareykir; bottom image (east station) includes positions of snow scale (SSG) and snow pack analyser (SPA)
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Fig. 14 East station ( ) (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 Peistareykir 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, ¢ August and d

November
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