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Abstract14

Geysers are among the most fascinating geological features on Earth. Yet, little is still known about their15

hydrogeological structure at depth. To shed light on the spatial relationships between the vertical conduits16

and the aquifers feeding them, we conducted a 3D geoelectrical campaign in the Haukadalur hydrothermal17

field, Iceland. We deployed 24 Iris Fullwavers across the hydrothermal field and inverted resistivity and charge-18

ability measurements. Additionally, we measured temperature variations inside Strokkur and Great Geysir19

geysers showing temperature fluctuations pointing out the oscillatory behaviour that characterises the gey-20

sering cycle of the geysers. By combining a semi-quantitative temperature distribution of the thermal springs21

across the hydrothermal field with the inversion of the geoelectrical data, we highlight the control that ex-22

tensional tectonics have on the distribution of fluids across the hydrothermal field. We also point out the23

occurrence of a common deep groundwater reservoir feeding the hydrothermal centres. Induced polarization24

data show that the geysers are fed by sub-vertical water-filled fracture zones. The geysers are found at the25

margins of highly resistive regions where we speculate boiling groundwater and vapour is found. Our pro-26

posed model suggests that local waters feeding the main groundwater reservoir downwell from the nearby27

region and then convect upwards, phase transitioning into vapour at about 200 m depth. From here, fluids28

flow towards the surface through pipes cutting a highly pressurised and hot system. This study shows to the29

best of our knowledge the first full 3D tomographic image of a hydrothermal field hosting geysers.30

1 Plain Language Summary31

Geysers are among the most fascinating geological features on Earth. Yet, little is still known about32

their hydrogeological structure at depth. To shed light on the spatial relationships between the vertical con-33

duits and the aquifers feeding them, we conducted a 3D geoelectrical campaign in the Haukadalur hydrother-34

mal field, Iceland. We deployed 24 gps-synchronised voltmeters across the hydrothermal field to record the35

changes of the potential field promoted by the injection of current. This allowed us to characterise the re-36

sistivity of the geological units and reconstruct the geological structure at depth. Additionally, we lowered37

thermometers inside Strokkur and Great Geysir geysers showing temperature fluctuations. We also mapped38

the temperature of the springs of the Haukadalur hydrothermal field thanks to a thermal camera mounted39

on a drone. This multidisciplinary dataset allowed us to highlight the control that extensional tectonics have40

on the distribution of fluids across the hydrothermal field. We also point out the occurrence of a common41

deep groundwater reservoir feeding the hydrothermal centres. The geysers are found at the margins of gas-42

rich regions where we speculate boiling groundwater and vapour are found. Our proposed model suggests43

that local waters feeding the main groundwater reservoir percolate from the nearby region and then convect44

upwards, phase transitioning into vapour at about 200 m depth. From here, fluids flow towards the surface45

through pipes cutting a highly pressurised and hot system. This study shows to the best of our knowledge46

the first full 3D tomographic image of a hydrothermal field hosting geysers.47
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2 Introduction48

Geysering is characterised by the periodic eruption of water driven by a phase transition from liquid to49

vapour. Being in thermodynamic equilibrium around the phase transition of water, geysering systems are50

sensitive to external forcing and transient variations of pressure (Husen et al., 2004; Hurwitz et al., 2008).51

Jet heights, eruptive intervals and lasting of the eruptions may vary over time. Despite being a fascinating52

phenomenon, little is still understood about the charging and discharging cycles of geysers because of the53

complex morphology of the pipes and the intricate fracture networks feeding them. Several models have been54

proposed to explain the processes leading to the eruptions. Early studies proposed that eruptions are driven by55

increasing pressure due to exsolution of steam trapped in an underground cavity (MacKenzie, 1811). Years later56

Bunsen (1847) proposed that eruptions may be caused by the exsolution of vapour in an upwelling groundwater57

column due to the decompression. More recent studies proposed that geysers are fed by single fracture-like58

conduits (O’Hara & Esawi, 2013; Namiki et al., 2014; Munoz-Saez et al., 2015). Field data suggest the possible59

occurrence of a lateral cavity, named ’bubble trap’, where exsolved volatiles accumulate and pressure builds up60

(Cros et al., 2011; Vandemeulebrouck et al., 2013, 2014; Belousov et al., 2013; Ardid et al., 2019). Laboratory61

experiments (Adelstein et al., 2014; Rudolph & Sohn, 2017; Rudolph et al., 2018a) provided further insights62

on geysers dynamics investigating their oscillatory behaviour. In particular, Rudolph et al. (2018b) tested the63

geysering behaviour in case the gas behaves as an ideal isothermal gas or as isenthalpic steam. Recent studies64

suggest that CO2 and N2 play key roles in controlling eruptive geyser dynamics (Hurwitz et al., 2016; Belousov65

et al., 2013; Ladd & Ryan, 2016). However, while laboratory helped to constrain the physical behaviour of the66

plumbing systems, little is still known about the subsurface shallow geology and the spatial relationships of the67

aquifers feeding active geysers.68

The Haukadalur hydrothermal field (Hhf ), Iceland, is found at about 100 m a.s.l. and hosts fumaroles,69

hydrothermal ponds and active geysers, the most famous of which are the Great Geysir and Strokkur. It70

develops along a NE-SW direction, subparallel to the strike of the major fault structures of this region (Walter71

et al., 2018). Recent relocated earthquakes show right-lateral strike-slip to transtensional shallow deformation72

(Thorbjarnardóttir et al., 2020). The Hhf hosts about 360 hydrothermal emission centres including hot springs,73

fumaroles and the two geysers Strokkur and Great Geysir Walter2018 (see also Figure 1). The Great Geysir and74

Strokkur are erupting at different time intervals. Strokkur (that was drilled in 1963 (Walter et al., 2018)) erupts75

regularly, with eruptions occurring every 5 to 7 minutes (on average) producing jets about 30 m high. The76

Great Geysir erupts less regularly averaging to about an eruption per year producing jets that have reached in77

the past about 80 m high (Walter et al., 2018). Eibl et al. (2021) propose that for Strokkur a single-bubble trap78

model is more suitable than a multiple bubble trap model. The hydrothermal springs and fumaroles formed79

sinter deposits at least since the 1104-1158 AD (Jones et al., 2007). Lavas were interpreted as sills intruded at80

depth and in the topographic heights that bound the Hhf on the North-West. It is suggested that Strokkur and81

Great Geysir geysers develop along vertical fracture-like pipes reaching at least 20 m depth (Pasvanoglu et al.,82

1998; Torfason & Davíðsson, 1985; Walter et al., 2018). Yet, besides indirect geophysical studies (e.g. Eibl et83
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al. (2020) and Eibl et al. (2021)) little is known about the plumbing system at depth. Pasvanoglu et al. (1998)84

propose that the ground water system of Hhf is recharged by meteoric waters flowing from the Langjöokull85

ice-sheet to the North. A marked geochemical evidence shows that locally the groundwaters interacted with86

acid magmatic units in the Hhf (Pasvanoglu et al., 1998).87

Electrical resistivity is a method often used in hydrogeophysics (e.g. (Pollock & Cirpka, 2012)) and more88

recently tested to investigate shallow geothermal systems (Gresse et al., 2017; Carrier et al., 2019; Mazzini et al.,89

2021). Traditional geoelectrical cabled hardware requires logistically complex operations and 3D acquisitions90

are performed thanks to interpolated 2D geolectrical profiles (e.g. Revil et al. (2010)). Large prospection depths91

can be attained by using remote electrodes that require several kilometers of cable (e.g. Pucci et al. (2016)).92

R© IRIS has recently released the Fullwaver hardware that allows the acquisition of 3D geoelectrical datasets by93

scattering independent GPS-synchronised volt-meters across the investigated region (e.g. Carrier et al. (2019);94

Lajaunie et al. (2019); Sapia et al. (2021); Mazzini et al. (2021)). Despite the inaccessibility of certain areas (i.e.95

in close proximity to the sinter deposits surrounding the geysers’ vents) in June 2018 we deployed the Fullwaver96

system in the Hhf acquiring resistivity and chargeability data (Figure 2). This study presents the geolectrical97

and temperature that allowed us to propose the geological model of the Hhf.98

99

3 Methods100

3.1 Geoelectrical data acquisition and processing101

The R©IRIS Instruments Fullwaver system is a quasi-cable less technology that allows the prospection of lo-102

gistically complex settings with geoelectrical methods. The system can be coupled with high power transmitters103

and allows recording full-waveform measurements with a 100 Hz sampling rate for both IAB injected currents104

and VMN received potentials (Carrier et al., 2019; Lajaunie et al., 2019). On June 2018 we deployed a set of 24105

Fullwaver devices across the Hhf to complete a full 3D survey of the area (Figure 1). The month of June was106

specifically selected as the continuous light allowed us to work after dawn avoiding the tourist crowds visiting107

the site. We used an R©Iris Instruments VIP 5000 transmitter, designed to inject a precisely regulated time108

domain waveform current into the ground up to 10 A, 24 V-Fullwavers (receiving nodes) and one I-Fullwaver109

box (injection node). Each receiving node records the data acquired by three electrodes, i.e. two dipoles de-110

ployed as shown in Figure 2 (red inverted triangles). The layout of the electrodes has been constrained by the111

accessibility of the area ( i.e. presence of the hydrothermal structures) so the sensors were arranged according to112

an irregular geometry. We spread the 24 receivers over an area large enough to allow an extensive investigation113

of the hydrothermal field, placing the two main structures, Great Geysir and Strokkur (Figure 2), in the central114

part of the investigated region. The dipole length for the receivers was derived from a preliminary survey design115

where we modelled the expected VMN signals for a conductive scenario (which later turned out to be around116

30 Ohm.m) combined with the assumption of injecting currents thresholds around 3-5 Amps. This modeling117

led to select 50 m length dipoles in the central part of the survey area and 100 m dipoles at the margins of the118
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network. This granted a higher resolution in the centre of the network and a broader coverage on the sides. Due119

to the marked 3D geological framework of the survey area, we decided to arrange the dipoles with an L-shaped120

configuration, when logistically possible, to achieve a full three-dimensional sensitivity of the final dataset.121

In total, 23 transmitting electrodes (yellow triangles in Figure 2) and 33 dipole combinations were imple-122

mented. The transmitters/receivers combinations have led to both pole-dipole (one ’remote’ transmitter and123

one close to the receiver) and dipole-dipole arrays (small innermost dipoles) plus gradient-type measurements124

(largest dipoles). The largest distance between the transmitting electrodes was about 2 km along a NE-SW125

direction (Figure 1). We were able to inject into the ground between 2 and 6 Amps, using a 2 sec OnTime/2126

sec OffTime waveform with around 3 minutes duration per transmission. These long-lasting injections allowed127

us to stack the signal minimising the effects of possible electromagnetic noise, and eventually compensating the128

(expected) locally high conductivity of the shallow subsurface (the Hhf is bounded by a river and the water129

table almost reach the surface). The full dataset consists of 1584 quadrupole measurements. All the electrodes130

have been surveyed with a high precision differential GNSS device. Errors on the position of the sensors are131

below 2 m. Site topography to accurately model the terrain was extracted from the USGS EarthExplorer1
132

platform.133

134

Data processing required a preliminary step to check the consistency of the polarities at receiving dipoles, in135

order to correct possible electrode swaps and mistakes during deployment. Also, any transmitter-to-receiver out-136

of-synch issue due to the lost of the GPS signal was carefully investigated and fixed. The recorded potentials are137

characterized by clean signals, with average values of 1 mV and maximum values around 500-600 mV. The final138

set of apparent resistivities and chargeabilities to process was achieved through the Fullwave Viewer software2,139

which combines the VMN potentials for each V-Fullwaver box with the IAB current for each transmission. Before140

running the resistivity inversion, 24 quadrupoles with low signal amplitude, below 0.05 mV, were removed from141

the dataset. These measurements were related to combinations of small transmitting dipoles far from the142

receivers. The average of apparent resistivities for the dataset is around 28 Ohm.m and confirms the conductive143

environment postulated during the planning of the campaign. Induced polarization (IP) measurements were144

derived by performing an arithmetic sampling of each time domain decay curve, setting a delay time of 240145

ms and averaging the integral of the curve over 20 consecutive windows of 80 ms each. About 100 further146

measurements were removed from the set for the sole chargeability inversion. These were characterized by147

high standard deviations (>20%) as calculated on the different stacks, plus a few negative IP values. The148

average of the standard deviations after the removal of inaccurate measurements is around 2% and the range149

of variation of the IP is 0.1-30 mV/V with an average of 6-7 mV/V. Histograms with statistic distribution150

of the data are shown in Figure 3. These filtered dataset were processed with the ERTLab Studio3 software151

1 https://earthexplorer.usgs.gov/
2 http://www.iris-instruments.com
3 http://www.geostudiastier.it/area_en.asp?idCanale=56&sezione=1
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(Morelli & LaBrecque, 1996; Sapia et al., 2021). We adopted a 15 m size for the three-dimensional finite152

elements mesh in each direction. The depth of investigation was set to 300 meters. The theoretical sensitivity153

(see supplemental online material) for the deeper quadrupoles in ERTLab Studio considers that the median z154

depth is calculated so that the area under the sensitivity curve is equal to the 50% of the total area (Barker,155

1989). Several inversion tests were performed to better explore the models space that fit the measurements.156

We set the starting homogeneous background resistivity at values ranging from 10 Ohm.m to 100 Ohm.m and157

tested both isotropic and anisotropic constraints for the model vertical and lateral roughness. We did not158

notice dramatic changes in the main features retrieved by the different inversions. We therefore present the159

inversion that accounted for a background of 50 Ohm.m (resistivity) and 7 mV/V (chargeability) and "isotropic"160

roughness conditions. Gaussian noise on data was estimated to 2% and 5% respectively for resistivity and IP161

measurements. Resistivity inversion converged in 8 iterations with a final chi-squared statistics of 1241 (inverted162

measurements are 1562), IP inversion converged in 7 iterations with a final chi-squared statistics of 1167 (vs 1427163

inverted data-points). For each V/I and IP measurement, (Fullwaver) data are recorded on multiple stacks,164

normally about 45 repetitions per data-point during about 180s long transmissions. This allows estimating165

data noise in terms of standard deviations. After removing bad measurements, we found that the average of166

standard deviations is around 2% for the V/I measurements and 5% for the IP data. We used these values to167

run resistivity and chargeability inversions. Considering each V/I (or IP measurement) as the realization of a168

random process and assuming that every data-point dj for j = 1, 2, ..., ND has a known variance σ2
j , the ability169

of the inverted model to adapt to the data is quantified by the following 2-norm function:170

X2 = ‖ W [d - d_mod] ‖ 2
2.171

Where: d_mod is the set of synthetic measurements that derive from the recovered model (see also addi-172

tional figures in the supplemental online material). The matrix W can be expressed as a diagonal matrix ND x173

ND given by W = diag 1 / σ1, 1 / σ2,. . . , 1 / σND.174

The lower is X2, the higher is the fit. However, the fit should be subject to a statistically reasonable175

tolerance because of the of noise on data. Assuming that the error on the data is uncorrelated and due to a zero176

mean Gaussian process, then X2 is a chi-squared distribution with an expected value equal to ND, the number177

of independent data. Generally, we consider a model over-fitted when X2 is strongly lower than ND (X2 « ND,178

the model is fitting noise and artifacts appear) and an under-fitted – smooth – model is associated to X2 »179

ND. In both our inversions our final X2 is lower than ND within a range of 20%. This slight over-fitting of the180

data may still be considered reasonable because of the on the standard deviations estimate and because of the181

presence of non-Gaussian noise in the real world.182

In Figure 3 we report the data cross-plots that show a good fit between measured and modelled data at183

the end of the inversions. Outliers are associated to higher standard deviations.184
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3.2 Temperature data acquisition185

The semi-quantitative measurement of the temperatures of the springs and hot ponds have been acquired186

with a flir thermal camera (Flir Duo R, equipped with a 160 x 120 IR sensor) mounted on a quadricopter (DJI187

Phantom 4 Pro). Images were calibrated on topography against photogrammetrical reconstruction based on188

optical images collected from the same drone with a 20 Mp optical camera. The drone flew at an altitude of 65189

m above the ground collecting 417 pictures with 75% of both front and side overlap. We placed and measured190

with a kinematic GPS 10 markers to reduce the error of the reconstruction. After the Structure from Motion191

processing by using Agisoft Metashape, we finally obtained an orthomosaic with a resolution of 1.6 cm/px192

and a DTSM of 3.2 cm/px (Figure 1). The measurements were acquired to retrieve the relative variation of193

temperature across the Hhf. Absolute temperature measurements have been acquired by lowering 5 HOBO U12194

data loggers into Strokkur and the Great Geysir. We lowered 3 data-loggers inside Strokkur at 9 m, 16 m, and195

25 m inside the conduit. The deeper data-logger could not withstand the pressure and temperature conditions196

encountered at depth and failed. The data-logger was repeatedly sucked in and stuck at depth in multiple197

occasions. Unlocking of the data-logger was only possible after major eruptions of Strokkur. Visual inspection198

has shown deep-scratches on the metallic body of the sensor (such scratches did not occur on the shallower199

data-loggers) suggesting that the sensor may have been stuck in narrow fracture-like channels that were larger200

than the diameter of the cylindrical datalogger (i.e. 2 cm). We also lowered two temperature data-loggers inside201

the Great Geysir at 5 m and 10 m depth and no problems were encountered.202

4 Results203

The Hhf is characterised by marked contrasts of resistivity and chargeability (Figure 4). It is possible to204

recognise a highly conductive and a highly resistive domain separated by a well-defined sharp transition running205

along a North-North East direction. Figure 4a,b highlight that the most prominent hydrothermal manifestations206

are associated to highly resistive bodies. For instance, the Great Geysir is found to occur above a moderately207

resistive region (about 350 Ohm.m). Strokkur occurs at the sharp limit between a highly resistive (more than208

1000 Ohm.m) and a highly conductive domain. With increasing depth, the transition between resistive and209

conductive values is less marked. However, below Strokkur at 0 m a.s.l., i.e. at 100 m depth (Figure 4c) the210

resistive values are still higher (about 800 Ohm.m) than the surrounding rocks. Similarly, the region below the211

hydrothermal pond of Littli Geysir (see Figure 1 for its approximate position) that is occasionally erupting with212

intense bubbling (jets reach less than 50 cm high), is marked by high resistive values until at least 100 m depth213

(i.e. 0 m a.s.l.), see Figure 4c. At 150 m below the ground surface (Figure 4e) the contrast between resistive and214

conductive regions is less pronounced. However, the Hhf is characterised by higher resistive values elongated215

according to a direction ∼N23 (note that the panels of Figure 4 are rotated with regards to the North).216

The inversion of the IP data allowed us to create the chargeability map of the Hhf (Figure 4f-l). At217

shallow depths all the major hydrothermal features (with possibly the exception of Konungshver) fall within218

regions characterised by no chargeability (Figure 4f). The prospected region is marked by low chargeability219
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values towards the East while higher chargeability values occur in the Western region, i.e. in the surroundings220

of the topographic relief. At greater depths (i.e. at 0 m below the ground, Figure 4h) the chargeable units221

are quasi-continuous and occur to the West of the main hydrothermal features of the Hhf. The limit between222

chargeable and non-chargeable regions is well-defined and strikes NNE-SSW.223

Figure 5 shows that the resistive regions depart from the North-Western side of the surveyed region and dip224

towards the South-East. The inversion of the resistive data show the occurrence of vertical resistive domains225

immediately below the major hydrothermal features of the Hhf. In particular, Figure 5a highlights that below226

Strokkur, it is located a shallow, highly-resistive region culminating in the shallow subsurface. The resistive227

values, below the Great Geysir, although present, are less prominent. The cross section running North-South228

(Figure 5e) points out the depth of the main resistive body and the relative spatial distribution of the hydrother-229

mal emission centres. The base of the resistive body is found at about 150 m depth and its lateral extent is230

approximately 500 m in both the North-South and East-West directions.231

The chargeability data show that the geysers Strokkur and Great Geysir lay above sub-vertical regions of no232

chargeability (Figure 5b, d, and f). Similarly, all the major hydrothermal emission centres (e.g. Litli Strokkur233

and Konungshver) seem to show a similar hydrogeological setting. While domains characterised by conductive234

values well-match regions characterised by negligible to no chargeability, regions marked by high resistive values235

do not correspond to regions featuring high chargeability. All the cross-sections show that regions with no236

chargeability reach about 100 m depth.237

238

4.1 Thermal analyses239

Surface measurements highlighted the occurrence of 110 ponds of hot water, and 122 hot spots (i.e. herein240

defined as isolated and confined emissions marked by increased temperature compared to the surroundings)241

distributed over the entire area and highlighted by lack of vegetation, but mostly concentrated in its southern242

and northern portions, along a SSE-NNE and SE-NE alignments (Figure 1). Water in the ponds had temperature243

ranging from 20◦C to 85◦ whereas hot spots showed temperatures ranging from 15◦C to 69◦.244

The temperature measured inside Strokkur on the 20th of June 2018 (Figure 6) shows constant oscilla-245

tions. It swings between 93.4◦C and 106.8◦C, with a average value of 100◦C at 9 m depth, whereas at 16 m246

depth it oscillates between 102.7◦C and 119.1◦C, with an averaged value of 113◦C (Figure 6). These values247

are comparable to those measured by Walter et al. (2018) who observed that between about 7 and 12 m depth248

the temperature is around 100◦C, whereas temperatures above 110◦C were found below 15 m. The amplitude249

of temperature variations is larger at 16 m (up to 15◦C) than at 9 m depth (up to 12◦C) (Figure 6). While250

recording temperature measures, we visually surveyed the eruptive cycle of Strokkur (Collignon et al., submit-251

ted). Comparing visual inspection and temperature data suggest that eruption occurs immediately after the252

maximum temperature is reached in the conduit. Eruptions cycles in Figure 6a,b can thus be defined between253
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two main temperature maxima, with a discharge phase characterised by a rapid decrease of the temperature254

after the eruption and a recharge phase, where the temperature increases more slowly (Figure 6a). The larger255

the temperature drop the longer is the recharge phase. This observation is consistent with Eibl et al. (2020)256

who observe a linear increase of the time after eruption.257

While the maximum temperature preceding the eruption is reached within a few seconds at 9 m and 16258

m depth inside Strokkur’s conduit, the discharge phase, whose end is characterised by the local minimum259

temperature, is longer (up to 90 s) at shallower depths (Figure 6b). During the recharge phase temperature260

climbs up with an oscillatory behaviour that is more marked at depth (Figure 6b). The spectrograms of the261

temperature recorded at 16 m depth were obtained after detrending the data and normalising them by the262

absolute maximum. The changes in power/frequency spectra over time indicate that the periodicity of Strokkur263

changes over time. Three main dominant frequency ranges can be observed on the spectrograms (Figure 6c,d).264

The lowest dominant frequency is observed between 1 and 2 mHz, and its power increases between 1.4 and 2265

hours (Figure 6d). This time period coincides with the occurrence of large temperature variations between 2h46266

and 3h26. A second dominant frequency is observed between 4 and 5 mHz and is consistent with the periodicity267

of the eruptions, marked by the highest temperature. Finally, a weak frequency can be observed around 35-45268

mHz. A similar spectrogram is obtained when plotting temperature recorded at 9 m inside Strokkur’s conduit269

but it is not shown here to avoid redundancy. On the 23rd of June 2018, the temperature at ca. 10 m depth inside270

Strokkur varies between 96.6◦C and 112.6◦C, with an averaged value of 106.8◦C. The temperature measured271

simultaneously at ca. 5 m depth inside Great Geysir’s conduit also shows some periodicity even if it is less272

pronounced than for Strokkur. Temperature oscillates between 73◦C and 76.7◦C. The spectrograms of the273

temperatures of Great Geysir (Figure 8a, c) and Strokkur(Figure 8b, d) show a dominant frequency at around274

1-2 mHz. This peak frequency is more pronounced between 1.5h and 2.5h for Great Geysir. For Strokkur this275

occurred between 1h and 1.5h and between 2h and 3h and coincided with the occurrence of multiple eruptions276

(sensu Eibl et al. (2020)). Cross-wavelet and wavelet coherence analysis also could be performed Henderson09277

to compare in details the temperature signals of Great Geysir and Strokkur. However, such a study is out of278

the scope of the current paper.279

5 Discussion280

Interpreting the data collected and inverted in this study is challenging as the subsurface is characterised281

by a complex porous media where weathered lithological units hosting a two-phases groundwater system are282

offset by faults. Previous electrical acquisitions conducted in active hydrothermal systems either focused on283

the very large scale using magnetotelluric methods (e.g. Peacock et al. (2020)) or on the local scale using284

cabled geoelectrical equipment (e.g. Byrdina et al. (2014)). Only recent studies in high-enthalpy hydrothermal285

settings (Troiano et al., 2019; Legaz et al., 2009; Millera et al., 2020; Gómez-Ortiz et al., 2014; Mazzini et al.,286

2021) acquired fully 3D electrical measurements at the meso-scale that are comparable with our investigations.287

The Hhf hosts fluids at the boiling point (possibly super-heated) at shallow depths. The phase state of the288
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groundwater flowing in the shallow geological units may have dramatic effects on the resistive properties of the289

liquid- or vapour-saturated porous media. Groundwater flow in the Hhf is transient and extremely vigorous290

as shown by the temperature swings (Figures 6 and 7). While pressure variations have no major effects on291

the resistive physical properties of the investigated porous media, resistivity is strongly temperature-dependent292

(Roberts et al., 2001). The corollary is that the resistivity of vapour-saturated units may largely differ from the293

resistivity of the same dry units.294

The Hhf is hosted within rhyolite lavas also cropping out in the Laugarfjall (Figure 2). Weathered rhyolitic units295

are often characterised by high resistive values compatible with the ones found at depth in the Hhf (Figures296

4 and 5). Similar values for rhyolitic units have been shown to occur at the Río Tinto, Spain (Gómez-Ortiz297

et al., 2014). We suggest that the highly-resistive body dipping eastwards found in the centre of the Hhf may298

be interpreted as altered rhyolitic units. The intrusion of the rhyolites may have capitalised on NNE-striking299

pre-existing fault structures compatible with the regional tectonic field (i.e. fractures striking N23) described by300

Walter et al. (2018) and Thorbjarnardóttir et al. (2020). Previous authors already pointed out the importance301

of pre-existing faults and geological discontinuities driving the intrusion of magmatic bodies (Lupi et al., 2020)302

or hydrothermal fluids (Collignon et al., 2021). Hence, we speculate that the sharp transition separating the303

resistive domain of the Hhf from the conductive domain may represent an extensional fault structure striking304

approximately N23. At shallow depths we record the highest resistive values in the centre of the Hhf (Figures305

4 and 5). We propose that such high resistive values, found above the ryholitic units may represent regions306

hosting vapour. In particular, Figure 9 shows that Strokkur, the most active geyser of within the Hhf seats at the307

margin of this domain. Boiling waters releasing vapour may hinder the growth of vegetation. This is observed308

in the Western part of the Hhf where lack of high vegetation mimics the boundaries of the highly-resistive309

region (dashed black lines in Figure 9). The interpretation of this volume as a vapour-saturated reservoir would310

agree with Eibl et al. (2020, 2021) who suggest the occurrence of a shallow bubble trap about 13-23 m West311

of Strokkur and at about 25-30 m depth. Figure 4 shows that the most prominent hydrothermal features of312

the Hhf are emplaced at the margins of highly-resistive regions. We speculate that the sub-vertical intrusion of313

rhyolitic dikes may have created enhanced hydraulic transmissivity at the margins of such intrusions ultimately314

promoting the development of sub-vertical highly-fractured groundwater-filled hydrothermal conduits. Such315

sub-vertical groundwater-filled structures are highlighted by the chargeability data that show sub-vertical not-316

chargeable domains located below the hydrothermal vents (Figure 5b, c). The comparison between resistivity317

and induced polarization data highlights that below the two main geysers of theHhf the geoelectrical data differ.318

Figure 5 shows that Strokkur is characterised by high-resistivity and low chargeability values. Great Geysir is319

characterised by lower resistivities and low chargeability values. We speculate that such variations may directly320

reflect the eruptive cycles of the two geysers. The high resistivity identified below Strokkur, suggested to be due321

to the abundant occurrence of water vapour, may promote the frequent eruptions that characterise this vent.322

In contrast, the lack of prominent resistivity values below Great Geysir may be due to less vapour trapped at323

depth and reflect the much less recurrent eruptions taking place at this vent.324

The dashed lines in Figure 5f seem to suggest that Strokkur and Great Geysir may be fed by a common325
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groundwater reservoir at about 150 m below the ground surface. Furthermore, both geysers show an oscillatory326

behaviour suggesting similar processes taking place at depth. To verify whether Strokkur and Geysir may be327

driven by the same groundwater dynamics, we detrended the temperature data (shown in Figure 7) of each328

geyser. This provided the temperature variations with respect to their mean values. Then, the datasets were329

normalised by the absolute maximum temperature before performing a cross-correlation between both signals330

(Figure 10). The cross-correlation was computed for time lags between -1800 and 1800 seconds. A moving331

average of 30 seconds was also performed to remove the highest frequencies before applying the cross-correlation.332

Independently of the smoothing, there were no significant peaks in the cross-correlograms and the coefficients333

remain low (< 0.2). This suggests that despite the qualitative observations that may suggest some sort of334

synchronous temperature variations at Strokkur and Great Geysir (Figure 7), there is no statistical correlation335

between the temperature records of the two systems (Figure 10). Yet, a similar dominant frequency around336

∼1 mHz is observed in both temperature signals. A possible alternative explanation is that both geysers are337

driven by similar processes taking place in different reservoirs (e.g. bubble traps) within the Hhf. This would338

explain the similar oscillatory behaviour of both geysers and would be compatible with the lack of statistical339

cross-correlation between the two datasets.340

Figures 6 and 7 highlight that the charging and discharging processes taking place inside the conduits of341

geysers are oscillatory. This behaviour is compatible with studies showing oscillatory amplitude variations of342

hydrothermal tremor (Vandemeulebrouck et al., 2013; Wu et al., 2017), conduit level fluctuations (Rudolph &343

Sohn, 2017; Rudolph et al., 2018b) and temperature variations (Lasič, 2006). Such an oscillatory behaviour344

may be explained by the presence of a bubble trap. This conceptual model has been further elaborated by Wu345

et al. (2019) who proposed that the reservoir where vapour is exsolved and accumulated may actually rather346

consist in a very dense network of fractures allowing fluids to advect towards a small cavity directly connected347

to the sub-vertical conduit of the geyser. Our acquisition does not have the necessary resolution to image such348

an architecture. However, the temperature oscillations shown in Figure 6 seem to indicate the occurrence of an349

unstable process that progressively evolves via an initial alternation of short-scale heating and cooling of the350

water column. Most importantly, after the eruption, the system is cooled down more rapidly at the bottom than351

at the surface as shown by the lag of time occurring between the two temperature minima shown in Figure 6b.352

This effect may be due to a pressure drop located where the exsolution and gas expansion takes place. This sort353

of Venturi effect promotes a pressure gradient driving nearby colder fluids inside the plumbing system of the354

geyser. Alternatively, a slower cooling down at shallower depths may be explained by the continuation of ris-355

ing vapour that is being exsolved in the upper part of the water column due to the post-eruptive drop of pressure.356

357

Figure 11 shows the geological model that we propose for the Hhf. We postulate that the region is affected358

by NNE-striking fault structures focusing the upwelling of the hydrothermal fluids. This is highlighted by the359

alignment of the springs mapped with aerial photography (Figures 1, 9) and by the elongation of the highly360

resistive structures at depth. Such a fault system is compatible with the model proposed by Walter et al.361
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(2018) and with the regional-scale deformation kinematics shown by Hjaltadóttir (2009). At about 200 m below362

the ground, liquid water phase transitions into vapour and fills a fractured NNE-elongated reservoir. At the363

margins of such a reservoir, fluids advect along vertical pipes and feed bubble traps from which geysers erupts.364

These sub-vertical structures are highlighted by the regions marked by low induced polarization (Figure 5b, d).365

While Figure 5f seems to suggest that Strokkur and Great Geysir may be fed by a common deep reservoir, the366

cross-correlation of temperature signals (Figure 10) seems to suggest otherwise. For this reason we speculate367

that fluids upwell via a complex network of fractures and are temporarily stored in at least two distinct bubble368

traps, i.e. one per geyser. While it is not possible to identify a bubble trap feeding Great Geysir, our electrical369

data seem to suggest that the region feeding Strokkur extends down to at least 50 m below the surface (Figure370

5a).371

Conclusions372

We acquired 3D electrical and temperature measurements across the Haukadalur hydrothermal field, Iceland.373

We identify two distinct resistive and conductive domains separated by a marked discontinuity. We propose374

that NNE-striking faults affect the region focusing fluid flow at the surface. In particular, the Strokkur and375

the Great Geysir geysers develop upon a major extensional fault and are fed by boiling fluids rising across376

subvertical conduits from a common reservoir. The temperatures measured inside the geysers show a similar377

oscillatory behaviour but the reservoirs do not seem to be connected across shallow communicating bubble traps.378

The Haukadalur hydrothermal field seems to be affected by extensional tectonics that may have favoured the379

emplacement of shallow intrusions heating the groundwater. Fluids phase-transition into vapour and accumulate380

from about 200 m depth in fractured reservoirs. Vapour-saturated regions are NNE-elongated and feed active381

springs, fumaroles and hot ponds. This study represent to the best of our knowledge the first electrical image382

in 3D of a geyser-hosting hydrothermal field.383
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Figure 1. Aerial view of the Haukadalur hydrothermal field and semi-quantitative temperatures of the

springs and ponds. The spring temperature varies from 15◦C for some of the clusters of ponds up to 80-85◦C for

the Strokkur geyser and the Konungshver and Fata ponds. Temperatures are shown only to provide semi-quantitative

estimate of the temperature variations across the field. These measurements have been acquired with a flir thermal

camera mounted on a DJI phantom flying at 65 m above the ground. For a comparison of the uncertainty held by these

measurements, Figure 6 shows that the temperature of Strokkur reaches 100◦C at 9 m depth. See the main text for

more details. –13–
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Figure 2. Distribution of the Fullwavers across the Haukadalur hydrothermal field, Iceland. Red triangles

pointing downwards show the location of the receiving electrodes while the yellow triangles show the position of the

injecting electrodes. Note that 3 more injections (2 to the North and one to the South) are falling outside the figure. For

each of the 24 fullwavers, the two dipoles-dipoles were distributed in a L-shape configuration when possible. The dotted

white rectangle shows the area covered in Figure 1 and the black rectangle frames the region shown in Figure 4. The

dashed lines indicate the orientation of the cross section of Figure 5. The pink circle and the pink diamond show the

positions of Great Geysir and Strokkur geysers, respectively. The Green circle and the green diamond show the location

of Konungshver and Fata emission centres, respectively.
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Figure 3. Data overview. A) Apparent resistivity and B) induced polarization (chargeability) measurements. Note

that the negative apparent resistivites are not related to errors during deployment but to sharp resistive contrasts at

depth. C) Cross-plot for the resistivity data and for D) the induced polarization (chargeability) data.
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Figure 4. Horizontal slices of the inverted 3D resistive and IP models. The pink circle, pink diamond,

green circle and green diamond show the locations of the Great Geysir, Strokkur, Konungshver and Fata, respectively,

that are the hydrothermal emissions marked by higher temperatures (see Figure 1). The triangles show the position of

the electrodes (yellow and red triangles show the positions of injecting and receiving electrodes, respectively). The limit

between conductive and resistive regions seem to broadly correspond to the limit between chargeable and non-chargeable

domains, see panels below 0 m a.s.l. Note that all the chargeability computations are done on integral chargeability and

not chargeability sensu-stricto.
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Figure 5. Cross sections across the Haukadalur hydrothermal field. The cross sections show the spatial

relationships between various hydrothermal manifestations across the field. The vertical dashed line in panels A and B

represents the limit between the resistive and conductive domains that we interpret as a fault system, discussed in Figure

9 and proposed in Figure 11.
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Figure 6. Oscillatory temperature behaviour inside Strokkur geyser. A) Temperature recorded at 9 m (blue)

and 16 m (red) depth inside Strokkur’s conduit during the night of 20th June 2018. B) Close view of the temperature

evolution during two eruptive cycles. Vertical red bars show eruption. C) and D) Spectrograms of the temperature data

(detrented and normalised) shown in panel A).
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Figure 7. Temperature comparison inside Strokkur and Great Geysir. Temperature recorded at ∼5 m inside

Great Geysir’s (green) conduit and at ∼10 m inside Strokkur’s (orange) conduit, on the 23rd June 2018.

Figure 8. Periodicity of Strokkur and Great Geysir temperature signals A) Strokkur and B) Great Geysir

temperature recorded on the 23rd June 2018. Spectrograms of detrented and normalised (by its absolute maximum)

temperature signals of C) Strokkur and D) Great Geysir, shown in panels A and B, respectively.
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Figure 9. Alignment of springs and hot ponds in the Hakadarul hydrothermal field. The resistive data (the

horizontal slice is 50 m below the ground) show the occurrence of high values (saturated at 1000 Ohm.m but reaching

up to 12000 Ohm.m) elongated NNE-SSW. The anomaly on the East also shows a similar trend. Furthermore, the

qualitative tracing of the fumaroles and hydrothermal ponds mapped with the drone seem to suggest a NNE-striking

(red banded lines). The direction of these features is in agreement with the strike of the transtensional structures at

the regional (Hjaltadóttir, 2009) and at the local scale (Walter et al., 2018). Furthermore, a sharp transition striking

NNE-SSW is also highlighted in Figure 4d, e.
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Figure 10. Cross-correlogram between temperature variations of the Strokkur and Great Geysir gey-

sers. Temperature data were smoothed with a 30 s moving average, detrended and normalised by the absolute maximum

before to perform the cross-correlation. Original data in Figure 7

Figure 11. Conceptual model of the Haukadarul hydrothermal field. A NNE-striking fault system is proposed

to separate the resistive and the conductive regions of the Hhf. The springs and hot ponds crop out along this main

direction suggesting a strong control of the local tectonics on the fluid distribution at the surface. Highly-resistive regions

represent geological domains charaterised by the occurrence of vapour. From here, fluids migrate upwards to feed the

eruptive activity of the hydrothermal systems of the Hhf.
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