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Abstract 26 

 27 

Electrolytes, dissolved in aqueous solutions, have the tendency to associate at near-critical 28 
temperature, which causes a removal of free charge carriers from the solution. This behavior is 29 
intensified in the “low” pressure range of the supercritical field and has become noticeable in a 30 
reduction of fluid conductivity by an order of magnitude. Thus, deep resistivity surveys are 31 
regarded to provide a convenient means for detecting supercritical roots of geothermal high-32 
enthalpy reservoirs. In previous decades, the temperature dependence of electrical properties of 33 
single-component brines has been extensively studied up to supercritical conditions. Very few data 34 
are available for two-component brines, but none for multicomponent mixtures, representing natural 35 
geothermal fluids. Thus, we have developed a flow-through set-up to measure both the intrinsic 36 
temperature dependence of electrical properties of hydrothermal solutions and the effect of fluid-37 
solid interactions on fluid conductivities in a temperature range of 23 - 422 °C at 31 MPa. 38 
Experimental conditions were adapted to those of two geothermally exploited areas on Iceland – the 39 
Krafla and the Reykjanes field – which are characterized by meteoric and by seawater controlled 40 
fluid systems, respectively. 41 

 Our study shows that the intrinsic temperature dependence of mixed brines exhibit a similar left-42 

skewed curve characteristic like those of single component brines with conductivities decreasing 43 

precipitously to a minimum at critical temperature. At further isobaric temperature rise 44 

conductivities remain on this level. The opposite was observed for reactive experiments, where 45 

fluid – solid interaction was allowed. In this case, conductivities re-increased by up to factor 7 46 

within seconds, indicating a significant and immediate increase in solubility of rock and composite 47 

materials, which are in contact with supercritical aqueous solutions and suggest high reaction 48 

kinetics of this process. However, at supercritical conditions conductivities did not remain steady 49 

and the electrical properties of supercritical fluid-rock systems are characterized by a wide range of 50 

conductivities. The competing processes of mineral dissolution and new mineral formations are also 51 

evident from complementary micro-structural investigations as well as chemical analyses of the 52 

percolated fluids. 53 

 54 

1. Introduction 55 

 56 

In recent years, the investigation of unconventional high-enthalpy hydrothermal systems linked to 57 

magmatic intrusions in the upper crust of active volcanic environments became a key target of 58 

scientific interest. Modeling approaches indicate that the exploitation of a supercritical well with 59 

downhole temperatures of 430-550 °C could enhance the energy production by an order of 60 

magnitude, compared to conventional geothermal exploitation of liquid and steam reservoirs at 61 

temperatures lower than 300 °C (Albertsson et al., 2003, G.O. Fridleifsson et al., 2007; Elders, 62 

2015). Around the world, several cases were reported (e.g. Phlegraen Fields and Lardarello, Italy; 63 

Nesjavellir, Iceland; The Geysers, USA) where geothermal wells were drilled unexpectedly into 64 

fracture networks connected to zones of supercritical fluid conditions (Capetti et al., 1985; 65 

Steingrimsson et al., 1990; Fournier, 1991; Hefu, 2000). However, temperature and corrosion 66 

limitations of downhole equipment and casing materials as well as violent blow outs in a part of the 67 

wells required the shutdown of the supercritical zones to retain control over the wells (Fournier, 68 
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1991; Fridleifsson and Elders, 2005). In January 2017, the Iceland Deep Drilling Project (IDDP) 69 

announced the successful completion of the IDDP-2 well at a final depth of 4659 m at Reykjanes 70 

peninsula that met supercritical conditions with a bottom hole temperature of 427°C at a fluid 71 

pressure of 34 MPa (Fridleifsson and Elders, 2017). Thus, the IDDP project has a test site available 72 

to systematically explore a supercritical reservoir for assessing the economic feasibility of energy 73 

exploitation from very high enthalpy resource.  74 

In reservoir exploration, preferentially electrical sounding methods are applied, as the electrical 75 

conductivity of rocks is, in addition to lithological factors (mineralogy, pore structure of the 76 

formation) and physical parameters (temperature, pressure) sensitive to the nature of pore fluids in 77 

terms of phase (liquid or gas) and salinity (Pena-Ruiz, 1988). The strong temperature dependence of 78 

fluid viscosity and density affect a number of other physico-chemical fluid properties, which can 79 

vastly change especially near the critical point, which is for pure water at 374.21°C and 22.12 MPa. 80 

Above the critical point, the liquid – vapour phase boundary disappears and the physical properties 81 

of the single-phase fluid vary in response of pressure and/ or temperature changes (Akiya & 82 

Savage, 2002; Freemantle, 2004; Jay-Gerin et al., 2008; McMillan & Stanley, 2010). In particular, 83 

due to the breakdown of hydrogen bonds at near-critical conditions water loses its polar character, 84 

what promotes precipitation of inorganic compounds and consequently reduces the number of free 85 

charge carriers in the supercritical solution (e.g. Quist and Marshall, 1968; Galkin and Lunin, 86 

2005). On the other hand, mass transfer and chemical reactivity are enhanced (Weingärtner and 87 

Franck, 2005) and give rise to intense fluid-rock interactions with mineral dissolution and alteration 88 

of the formation fluid in terms of number and species of dissolved ions (e.g. Bignall et al., 2001; 89 

Tsuchiya et al., 2015). All this causes changes in the electrical conductivity of supercritical fluids 90 

and may have considerable effects on the porosity, conductivity, and permeability of the percolated 91 

formation. Hence, electrical measurements are assumed to provide a convenient means to 92 

differentiate between sub- and supercritical stock works of magma-driven geothermal systems. 93 

However, a realistic interpretation of geophysical surface measurements in terms of material 94 

properties in depth requires the knowledge of both the physical properties of the geothermal fluid 95 

and of the rock interacting with the fluid at defined pressure and temperature conditions.  96 

In the framework of the EU-funded project IMAGE (Integrated Methods for Advanced Geothermal 97 

Exploration) we measured both hydraulic and electrical properties of rock cores from different 98 

active and exhumed geothermal areas on Iceland (Reykjanes, Krafla, Geitafell) as well as the 99 

electrical conductivity of the corresponding geothermal fluids up to supercritical conditions. The 100 

prerequisite for a reliable interpretation of electrical rock conductivity measurements is the 101 

knowledge of the intrinsic electrical conductivity of the percolating fluid as function of temperature. 102 

Thus a further flow-through apparatus was constructed to study the electrical properties of fluids at 103 

sub- and supercritical conditions. In this article we focus on the fluid measurements, while the 104 

results obtained from measurements on rock samples will be reported elsewhere (Kummerow & 105 

Raab, in prep.). 106 

A broad experimental database exist on the electric conductance of supercritical solutions of 107 

different inorganic salts. The aqueous NaCl system was studied extensively for diluted solutions by 108 

Quist and Marshall (1968) from 400 – 800°C and pressures up to 400 MPa, and by Ho et al. (1994) 109 

at temperatures from 100 – 600°C and pressures up to 300 MPa. Ucok (1979) reported on 110 

conductivity measurement on aqueous solutions of NaCl, KCl, and CaCl2 at different 111 

concentrations for the temperature range of 22 – 400°C at a fluid pressure of 31 MPa. Electrical 112 

conductance of aqueous solutions of K2SO4, KHSO4, H2SO4 were measured up to 750°C and 250 113 
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MPa (Quist et al., 1963, 1965, Quist and Marshall, 1966). Resistivity data of aqueous solutions of 114 

KCl, HCl, and KOH were published for temperatures up to 1000°C and 1 GPa (Franck, 1956, 1973; 115 

Quist et al., 1970; Berktold, 1983; Ho et al., 2001). However, data on fluid systems simulating 116 

natural geothermal fluids are still scarce. Kummerow & Raab (2015) have published preliminary 117 

results for a diluted mixed brine, representing the composition of Icelandic Krafla geothermal fluid, 118 

which was measured from 23 – 386 °C at 23 MPa. All these studies revealed that the conductivity 119 

of fluids is generally controlled by manifold physical parameters, comprising the concentration of 120 

ions in the solvent, interactions between the ions, their valences, temperature, and pressure, which, 121 

in turn, affect viscosity, density, and dielectric constant of the solution.  122 

In the present paper, we expanded our investigation to the Reykjanes geothermal system, a sea-123 

water dominated exploited system in SW-Iceland. The electrical conductivity of this fluid was 124 

measured in dependence of temperature at constant pressure. In a second set of experiments, the 125 

impact of fluid – solid interactions on electrical fluid conductivity was investigated in a temperature 126 

range of 23 - 422 °C at 31 MPa. Solid - fluid conductivity measurements were supplemented by a 127 

number of additional tests, which comprised chemical analyses of fluid and rock samples before 128 

and after the experimental runs as well as microstructural investigations of the original and 129 

percolated solids. The provided data will be essential for the calibration of geophysical reservoir 130 

models, and will allow for an improved understanding of unconventional very high temperature 131 

reservoirs, i.e. reservoirs, where supercritical fluids are expected to circulate.  132 

 133 

2. Experimental methodology 134 

2.1. The experimental set-up 135 

In order to measure electrical fluid conductivities at sub- and supercritical conditions, an externally 136 

heated tubular flow-through set-up was designed (Figure 1). It is based on the set-up described by 137 

Kummerow & Raab (2015) and had to be slightly modified regarding fluid filtering, pressure 138 

control, electrode fitting, and cooling of the pressure tube. Basically, the set-up consists of a 139 

commercial stainless steel high-pressure tube of 1 m length, lined with a pipe of corundum ceramic 140 

(inner diameter = 5 mm), into which two pairs of current and potential electrodes are sealed. As 141 

electrode material Pt wires are glued pressure tight into two corundum capillaries (one twin-hole 142 

capillary and one four-hole capillary), which are inserted from both ends of the ceramic liner and 143 

are positioned symmetrically, with a variable interspace, into the hot zone of the pipe. This 144 

interspace serves as conductivity measuring cell and is 26.5 mm and 128 mm in length for 145 

measurements on fluids and fluid – solid interaction experiments, respectively. Temperature control 146 

is assured by a Pt/Pt-Rh-thermocouple, which is additionally installed in the four-hole capillary, 147 

allowing direct measurements in the fluid. Temperatures are applied in a tube furnace of 0.8 m in 148 

length with a central zone of constant temperature of approximately 0.25 m, where temperatures are 149 

constant at ± 0.2 °C below supercritical conditions. Above the critical point temperature 150 

fluctuations of up to ± 0.3 °C within milliseconds were observed, which were possibly caused by 151 

flow perturbations.  152 

Fluid flow was provided by a HPLC pump at the up-stream side, while a syringe pump, running in 153 

constant pressure mode, adjusted the fluid pressure. The measuring cell was fed with fluid via the 154 

annulus between liner and corundum capillaries. The annulus extends into the hot zone of the set-up 155 

and was used to heat the inlet stream to the desired temperature, before it entered the measuring 156 
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cell. For fluid – solid interaction experiments filters were integrated into the fluid system to protect 157 

the highly sensitive syringe pump from mineral scalings and input of any other fines, flushed out  158 

 159 

 160 

from the offered reaction material. Additional to the pressure sensors at the up- and down-stream 161 

pumps, the fluid pressure was monitored by another high precision, deadweight calibrated sensor 162 

with an accuracy of ± 0.02 MPa. This pressure sensor was installed up-stream the fluid filter to 163 

retain control of fluid pressure in the measuring cell in case of filter clogging.  164 

The primary layout of the set-up was equipped with only one cooling jacket at the down-stream side 165 

of the pressure tube to prevent the end-cap from over-heating due to the passage of hot fluid. 166 

However, it turned out that the heat transfer to the end cap at up-stream side was more significant 167 

than expected. After applying supercritical conditions the heat loss in the measuring cell became 168 

even more effective, pointing to a pronounced convective heat transfer. Thus, the set-up was 169 

upgraded by an additional cooling jacket at the up-stream side. Also, for electrode jacketing we 170 

have chosen corundum capillaries with a slightly larger outer diameter of 4.6 mm. This measure 171 

minimized the annulus between ceramic liner and capillaries and has reduced thermal convection 172 

very effectively. 173 

Figure 1. Schematic overview of the measuring cell and the electrode layout. Itot: total electrical current flowing 

in the system, Ileak: leakage current, Ifl: electrical current in the measuring cell, Rfix: fixed resistor, UR: voltage 

drop across the fixed resistor. 
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 174 

2.2. Solutions 175 
 176 

In total, in our study we have considered three salt solutions of different composition and salinities. 177 

As our data contribute to the parametrization of physical properties in the Krafla and Reykjanes 178 

reservoir, stock solutions of Krafla composition (15.4 mM/L NaCl, 0.721 mM/L CaCl2, 0.643 179 

mM/L K2SO4) and Reykjanes composition (369 mM/L NaCl, 34.4 mM/L CaCl2, 31.3 mM/L KCl, 180 

0.21 mM/L NaSO4) were prepared after literature data from high-purity salts and degassed distilled 181 

water (Arnórsson et al., 2008). The reservoir fluids encountered in the Krafla area are meteorically 182 

affected, diluted solutions with an electrical conductivity of σfl = 0.206 S/m at ambient conditions, 183 

while those in the Reykjanes system are of seawater salinity with a baseline conductivity of σfl = 184 

3.8 S/m (Albertsson et al., 2003). For comparative measurements a diluted aqueous solution of 185 

NaCl (0.015 M; 0.197 S/m) was additionally prepared.  186 

The stock solutions were stored in Teflon-lined reservoirs with a total capacity of 4 l. To minimize 187 

the oxygen content in the brines, they were flushed with nitrogen for 24 h and then put under 188 

nitrogen pressure permanently to avoid corrosion of the flow through unit and the input of any 189 

impurities.  190 

2.3. Solid material 191 
 192 
Two fluid-solid interaction experiments were performed on different sample materials; in both 193 

cases synthetic Reykjanes brine was used as circulating fluid. In one experiment a dense Al-Si-O 194 

industrial ceramic was taken as electrode jacketing instead of the normally used chemically inert 195 

corundum capillaries. The electrode/ ceramic capillaries arrangement was the standard geometry 196 

we used for the measurements of the intrinsic fluid properties. Thus, as the corrosion-prone 197 

ceramic capillaries extend far into the hot zone of the set-up, fluid-solid interaction was allowed 198 

in the fluid-filled annulus between capillaries and ceramic liner before the altered fluid entered 199 

the measuring cell (Figure 2a). 200 

The composition of the ceramic composite was analyzed via EMP (electron microprobe) analysis, 201 

which revealed a wide range of Al-Si ratios with the end members Al2O3 and SiO2 (Figure 3). 202 

Also, minor amounts of K were quantified. Based on 15 point analyses, the average mass 203 

fractions of the elements are 53.5 wt% Al2O3, 40.9 wt% SiO2, and 3.5 wt% K2O. 204 

The second sample (sample RN-17B), a porous hyaloclastic breccia with an effective porosity of 205 

φ = 13.6 %, is a borehole sample, selected from a geothermal well in the Reykjanes area, SW-206 

Iceland. Based on XRD analyses the mineral composition of the breccia comprises actinolite 207 

(41.3 ± 2%), plagioclase (28.9 ± 0.5 %), hornblende (17.7 ± 2 %), and epidote (12.1 ± 0.6 %). 208 

The hyaloclastitic material was placed in the fluid measuring cell without contacting the 209 

electrodes (Figure 2b). For this, the measuring cell was slightly modified by using shorter, 210 

corundum lined electrodes, what extended the total length of the measuring cell to 12.8 cm for 211 

enlarging the sample volume. In total, 7 core fragments of different length were placed in the 212 

measuring cell because the rock was too brittle to prepare a single pencil-shaped core of 120 mm 213 

length at a diameter of 4.6 mm in maximum. With this sample arrangement, the fluid was 214 

allowed to stream around the sample cores. Thus, measured conductivities do neither represent 215 

the bulk conductivity of the rock nor fluid conductivity, but that of the system (measuring cell 216 
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filled with solid material plus surrounding solution), which is at room temperature 1.091 S/m and 217 

thus, only about a fourth of the conductivity of the pure fluid. 218 

 219 

 220 

 221 
 222 
Figure 2. Schematic sketch of the sample arrangements for fluid-solid interaction experiments. See text for details. 223 
 224 

 225 

 226 
Figure 3. Element fractions of the ceramic composite vs. Al2O3 wt%. 227 
 228 
 229 

2.4. Measuring procedure 230 
 231 

The critical point of pure water occurs at 374.21°C and 22.12 MPa, but is shifted to higher pressure 232 

and temperatures in the presence of solutes (e.g. Driesner & Heinrich, 2007). Accordingly, in this 233 

study fluid conductivity measurements have been performed at various pressures and temperatures. 234 

Electrical conductivity of the synthetic Krafla fluid and the diluted NaCl solution were measured 235 

for increasing temperatures ranging between 23 – 390 °C at a constant fluid pressure of 23 and 25 236 

MPa, respectively. Due to its higher salt content experiments with Reykjanes fluid were conducted 237 

in a temperature range of 23 – 426 °C at a constant pressure of 31 MPa. We assumed to reach the 238 

critical point in the measuring cell, when the electrical impedance started to decrease steeply within 239 

a few seconds. The chosen maximum pressures and temperatures were adapted to the in-situ 240 

conditions, expected or proven in the supercritical stock-work of Krafla and Reykjanes reservoirs 241 

(Fridleifson & Elders, 2017). 242 

For fluid saturation, the system was evacuated by a vacuum pump and then flooded with the 243 

synthetic brines at a pressure of 20 Pa. For the fluid-rock interaction experiment (experiment RN-244 
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17B) the sample cores were saturated under vacuum with Reykjanes fluid prior to their 245 

emplacement into the measuring chamber. Then, the system was saturated by carefully flooding 246 

over a range of four days.  We assumed to reach saturation, when electrical conductivity of the 247 

measuring cell showed a constant value. Another indicator for complete brine saturation of the set-248 

up was the stroke of the fluid pressure pump. When the system is fully brine saturated, only a small 249 

pump stroke is needed to build up fluid pressure due to the incompressibility of water. However, the 250 

stroke is significantly larger in case of even small amounts of gas in the system. Generally, after 251 

applying the final fluid pressure, the temperature was increased stepwise and held constant until 252 

equilibrium state was verified by constant conductivity values for at least 5 hours. Low flow rates 253 

ensured an effective pre-heating of the fluid and provided constant temperatures in the measuring 254 

cell. It was observed that the cell conductivity was constant for fluid flow rates ranging between 0 255 

and 0.05 ml/min, whereas for higher flow rates cell conductivities deviated considerably. For the 256 

experiments with the Krafla solution and for the reactive experiment with Reykjanes fluid and 257 

ceramic composite a flow rate of 0.1 ml/min was applied, corresponding to a fluid resistance time 258 

of about 3 minutes in the pre-heating section and 5 minutes in the measuring cell. For supercritical 259 

conditions the flow rate was varied from 0.05 – 0.3 ml/min to study the influence of residence time 260 

of the fluid on conductivity. All other experiments were run with a constant flow rate of 0.02 261 

ml/min, which was chosen to extend the residence time of the fluid in the measuring cell to 26 262 

minutes. 263 

The procedure of conductivity measurement was equal to that described in Kummerow and Raab 264 

(2015). The measurements were performed with a 4-pol electrode arrangement to prevent 265 

polarization effects at the electrodes, which occur in a simple 2-pol arrangement and give rise to 266 

considerable errors on σfl. The cell constant of the set-up was experimentally determined using 267 

distilled water, tap water, as well as 0.01 M and 0.1 M NaCl solutions at ambient conditions. No 268 

corrections were made for the temperature influence. Thus, the difference in the thermal expansion 269 

coefficient between ceramic and stainless steel leads to an underestimation of σfl by 3 % at 400 ◦C 270 

assuming a hot zone with 0.6 m in total length. These are maximum values and the accuracy is 271 

higher at lower temperatures. In one experiment, solid material was placed inside the conductivity 272 

measuring cell, giving rise to an additional uncertainty due to variations in the geometrical cell 273 

characteristic in the cause of dissolution-precipitation processes. Consequently, relative errors on σfl 274 

measurements here amount to approximately 5 %. 275 

Conductivity measurements in reactive experiments were supplemented by a number of 276 

concomitant tests on fluid and solid samples. At every temperature step, fluid samples have been 277 

taken for further analyses by draining the syringe pump at the down-stream side. After cooling 278 

down to 23 °C the electrical conductivity of the quenched fluids, σb, was measured with a 279 

commercial fluid conductivity sensor (WTW 325) as indicator for any input or removal of free 280 

charge carriers. pH values of the fluid samples were measured with a pH sensor (VWR pH 1000L). 281 

Additionally, chemical fluid analyses were done on acidified (0.3 M HNO3) fluid aliquots by 282 

inductively coupled plasma mass spectrometry (ICP-MS) and inductively coupled plasma optical 283 

emission spectrometry (ICP-OES). Calibration was performed using high-purity standard solution 284 

(MERCK CertiPUR). Finally, microstructural data of the solid material prior and after the 285 

experimental runs were obtained by using a scanning electron microscope (SEM) and electron 286 

probe micro analyses (EPMA). 287 
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 288 

3. Results 289 

3.1 Electrical conductivities 290 

 291 
Electrical conductivity of brines in dependence of temperature 292 
 293 
The results for the intrinsic temperature dependence of σfl are given in Table 1 and 2 and are shown 294 

in Figure 4a and b.  For comparison, literature data for sodium chloride solutions of similar 295 

salinities were added (Quist and Marshall 1968; Ucok et al., 1980). The consistence of the datasets 296 

points to a high reliability of our new fluid measuring system. Slight deviations from literature data 297 

were observed and may be primarily due to variations in the fluid chemistry and electrolyte 298 

concentration. Another cause might be the fact that the literature data were obtained at static 299 

conditions (without fluid flow). 300 

σfl of the diluted solutions (Krafla fluid, 0.015 M NaCl solution) as well as that of the Reykjanes 301 

fluid increased to a maximum at about 250 °C, respectively, and decreased successively at higher 302 

temperatures. At the critical temperature, which is at 374.3°C for the diluted NaCl solution, at 303 

374.6°C for the Krafla fluid, and at 405.4°C for the Reykjanes brine, σfl decreased abruptly with a 304 

steep gradient across the critical temperature. When increasing the temperature at supercritical  305 
Table 1: Electrical resistivities, ρfl, and corresponding conductivities, σfl, of various salt solutions. RT: room 306 
temperature, Tc: critical temperature. 307 

 308 
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 309 

Table 2. Electrical resistivities, ρfl, and corresponding conductivities, σfl, of Reykjanes fluid in contact with an Al-Si-O 310 
ceramic composite and a volcanic breccia from Reykjanes well RN-17B. RT: room temperature, Tc: critical 311 
temperature. 312 
 313 

Figure 4. (a) Electrical conductivity, σfl, of a diluted NaCl-water solution and a synthetic Krafla fluid in dependence 

of temperature, T, at a constant fluid pressure of 23 and 25 MPa, respectively. Open stars represent conductivity of the 

cooling fluid. (b) Electrical conductivity, σfl, of a synthetic Reykjanes brine as function of T measured at 31 MPa. (c)

Electrical conductivity of synthetic Reykjanes, which was in contact with an Al-Si-O ceramic composite at increasing 

T. Supercritical conditions were applied for 18 days. (d) Electrical conductivity of Reykjanes fluid in exposure to a 

volcanic breccia from Reykjanes well RN-17B. Supercritical conditions were applied for 48 h. 
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 314 
 315 

conditions, while keeping the fluid pressure constant, only marginal changes were observed in σfl 316 

values. The Krafla solution was monitored also for decreasing temperatures, whereby σfl was 317 

reversible and no hysteresis was observed between heating and cooling cycles down to 100 °C. At 318 
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lower temperatures (< 100°C) the fluid flow was stopped. σfl of the cooled, but still pressurized 319 

fluid in the measuring cell became considerably higher than measured for corresponding 320 

temperatures during heating up (Figure 4a). This is probably attributed to the successive re-321 

dissolution of salt precipitates.  322 

 323 

The effect of reactive flow on in-situ electrical fluid conductivity 324 
 325 
Two fluid-solid interaction experiments were performed, where reactive transport was allowed in 326 

Reykjanes solution exposed to different solid materials. As mentioned above, in one experiment the 327 

electrodes and the thermocouple were glued into an Al-Si-O composite instead of an Al2O3 ceramic. 328 

In the second reactive experiment the synthetic Reykjanes solution was exposed to hyaloclastitic 329 

breccia RN-17B.  The results are plotted in Figure 4c and d, respectively. It is apparent that the 330 

measured conductivities follow the characteristic left-skewed trend described before. Figure 5 331 

displays σfl of all studied solutions, normalized on their corresponding conductivities at room 332 

temperature, σ0. Up to 200 °C, σn of the pure fluids (non-reactive experiments) are nearly identical, 333 

while the deviation increases between 250 – 300 °C by ± 4 % from the mean. σn values obtained in 334 

reactive experiments coincide well with that of the pure fluids only for temperatures below 100 °C, 335 

but deviate at about 300 °C by up to ± 10 % from the mean σn of pure fluids. However, for all 336 

studied fluids, deviations become insignificant again at near-critical conditions up to the critical 337 

point. The steepness of the slope seems to correlate with the concentration of the solution, with 338 

flattening of the slope at increasing salt content. In the reactive experiments the drop in conductivity 339 

was stopped abruptly and σfl soared exhaustively by up to factor 7 within seconds. At supercritical 340 

conditions no conductivity equilibria were reached for distinct temperatures in the order of several 341 

hours. Rather a persistent increase and decrease of σfl was observed. On current, yet limited data the 342 

observed conductivity behavior appears to be governed by a process without a fixed time constant 343 

or by several processes with different time constants, which interfere with each other. For a closer 344 

examination of this phenomenon further measurements are required. The values given for 345 

supercritical temperatures are values averaged over nearly constant time intervals of about 30 - 60 346 

minutes at distinct temperatures. 347 

 348 
 349 
 350 

 351 
 352 
 353 
 354 
 355 
 356 
 357 
 358 
 359 
 360 
 361 
Figure 5. Conductivities, σn, of all studied solutions normalized on 362 
corresponding σ0  at room temperature. 363 
Supercritical conditions were applied for 48 hours to 364 

experiment RN-17B, while the system Reykjanes 365 

solution + ceramic composite was studied in a long-term experiment.  However, after 18 days of 366 
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fluid flow at supercritical conditions the adjustment of a constant flow rate and of the fluid pressure 367 

became difficult, indicating plugging at the down-stream capillary system. Therefore, the 368 

experiment had to be stopped. 369 

 370 

3.2 Analyses of quenched fluids 371 

 372 

At the end of each temperature step, which was held constant for at least 6 hours, the percolated 373 

fluid was released from the down-stream pump to ambient conditions. The electrical conductivity of 374 

the quenched fluid, σq, and its pH were controlled by use of commercial fluid conductivity and pH 375 

sensors, respectively, before the fluid samples were chemically analyzed with ICP-MS and ICP-376 

OES.  377 

 378 

Non-reactive experiments 379 

For the diluted NaCl solution, nearly constant σq around 0.182 S/m were obtained over the entire 380 

temperature range, which were only marginal lower in samples exposed to supercritical conditions 381 

(Figure 6). The pH values of quenched fluid samples, measured at room temperature, were constant 382 

around a mean value of pH 7.9 ± 0.2. Quenched samples of Krafla and the Reykjanes fluids showed 383 

no significant changes with regard to their initial conductivity values of 0.206 S/m and 3.780 S/m as 384 

long as the solutions were in liquid phase (below the critical temperature) beforehand. Above the 385 

critical point for both solutions a substantial drop in σq by 24 % and 12 %, respectively, was 386 

detected and indicates a removal of charge carriers. ICP-MS analyses of quenched samples for 387 

Krafla solution showed that samples, exposed to temperatures above the critical point, were 388 

depleted in Ca2+ (Figure 7). The concentration of Na+ was slightly reduced and that of K+ remained 389 

constant within the error. Also, pH values were constant around a mean value of pH 7.7 ± 0.2 for 390 

the whole temperature range. 391 

 392 

 393 

                        394 

Figure 6. Electrical conductivity of the diluted solutions (a) and Reykjanes fluid (b) after exposure to various 

temperatures. Gray cycle: 0.015 M NaCl solution, diamonds: Krafla fluid, open diamond: sample from cooling 

phase. Conductivity measurements were performed at ambient conditions. 
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               395 

 396 

 397 

Reactive experiments 398 

For the Reykjanes solution, which was in contact with the reactive ceramic composite, σq of the 399 

quenched fluid had decreased only by about 5 %. As in most experiments the fluid was channeled 400 

through a filter with particle retention size of 10 nm before it entered the down-stream pump, no 401 

solid material was found in the fluid samples immediately after emptying the pump. However, after 402 

several weeks all the fluid samples from the reactive experiment with ceramic composite, which 403 

had been exposed to temperatures > 300°C, had changed into a colloidal suspension.  404 

The pH of the quenched fluid samples increased slightly from an initial value of pH 6.75, achieved 405 

a maximum of pH 7.23 at 200 °C and then decreased again (Figure 8a). For all fluid samples 406 

quenched from temperatures ≥ 370 °C lower pH values than in the stock solution were detected, 407 

which dropped to pH 4.51 - 4.2 at near-critical (402 °C) and supercritical temperature (411 °C), 408 

respectively. Fluid samples containing flocculations were divided into aliquots of known masses. 409 

From the first set of aliquots the colloid was separated, washed with deionized water and dried in 410 

the vacuum oven at 60°C before it was identified as amorphous SiO2 via subsequent SEM analysis 411 

(Figure 9). It was  412 

 413 

   414 
Figure 8. Electrical conductivity, σ, and pH values of fluid samples from quenched Reykjanes fluids exposed to 

(a) the ceramic composite and (b) to sample RN-17B. Dots: σ, stars: pH, open symbols: during cooling.  All 

measurements at room temperature. 

Figure 7. Cation concentration in quenched Krafla fluid, which was exposed to different temperatures. The 

residence time of the fluids in the hot zone was 2 minutes at minimum and 10 min at maximum. Error bars are 

smaller than symbol size. 
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 415 
Figure 9.  SEM image and EDX spectrum of the dried colloid separated from fluid samples.  416 

 417 
evident that the amount of extracted silica was positively correlated to the applied in-situ fluid 418 

temperature. Thus, before determining element concentrations via ICP measurements, an attempt 419 

was made to bring the colloid amorphous SiO2 back into solution by addition of ammonia to the 420 

second set of fluid aliquots. This pH increase to about 10 favors Si solubility. However, although 421 

silica colloids were dissolved, this procedure was not successful, since other cation ion species 422 

became unstable at high pH and reddish precipitates were observed (presumably 423 

Fe(oxy)hydroxides). Thus, for this experiment no quantitative fluid analyses are available for T > 424 

250 °C (Figure 10).  425 
 426 
 427 

 428 
Figure 10. Main element concentrations in quenched Reykjanes fluids, which were in contact with an Al-Si-O 429 
composite at different temperatures. Concentration of Al was below the detection limit of the ICP-OES. 430 

 431 

For experiment RN-17B (volcanic breccia), up to exposure temperatures of 380°C, nearly constant 432 

σq (4.2 ± 0.4 S/m) and pH values (7.3 ± 0.15) were measured on taken samples. For higher 433 

temperatures, σq dropped by 10 % at a decreasing pH (Figure 8b).  The lowest pH of 3.44 could be 434 

correlated to the fluid sample, exposed to supercritical conditions. In experiment RN-17B two fluid 435 

samples were taken also during the cooling phase at 383 °C and 170 °C, both showing significantly 436 

lower pH values but higher σq than those samples, which were taken at corresponding temperatures 437 

during heating up. Moreover, based on ICP-OES measurements, a gradual increase in Si 438 

concentration was detected for temperatures higher than 150 °C (Figure 11). Also, at near-critical 439 

conditions Al was more intensively mobilized. 440 

 441 
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 442 
Figure 11.  Main element concentrations of Reykjanes fluid exposed to sample RN-17B at different temperatures.  443 

 444 

3.3 Analyses of “in-situ”- scalings and hydrothermally overprinted solids 445 

In all experiments with synthetic Krafla and Reykjanes solutions NaCl crystallites were found on 446 

the surface of the corundum capillaries, in particular at those parts, which were positioned in the hot 447 

zone of the set-up. Moreover, after a long-term flow experiment with Krafla solution, where 448 

supercritical conditions were applied for 7 days, precipitations were found inside the measuring cell 449 

as well. They were identified via XRD analysis predominantly as a stoichiometric mixture of all 450 

present ions. In a second long-term run, performed as reactive experiment, Reykjanes solution 451 

flowed around the reactive ceramic composite for 39 days, including 18 days at supercritical 452 

conditions. After that run, the inner set-up had to be destroyed, as one ceramic capillary was tightly 453 

cemented to the corundum liner. Additionally, a considerable amount of scalings were found in the 454 

measuring cell. XRD and SEM analyses of these scalings revealed that most of the particles were 455 

precipitations of SiO2, forming amorphous encrustations and chips or polycrystalline cauliflower 456 

structures (Figure 12). However, also minor amounts of NaCl were identified, which had preserved 457 

its cubic habitus in the NaCl undersaturated fluid after cooling and rinsing with fresh water. SiO2 458 

incrustations were also found in the down-stream fluid filter, which was clogged completely by the 459 

passage of the cooling fluid. The high amount of Si originates from the composite material of the 460 

ceramic capillaries, which extended far into the hot zone of the set-up and underwent a pervasive 461 

alteration. Structural changes of the Al-Si-O composite ceramic were macroscopically apparent 462 

already. In cross-section, a bleached alteration rim stands out clearly from an unaltered inner zone. 463 

From EPM analysis it is apparent that the outer rim consists of a 700 µm thick porous layer of fine 464 

Al2O3 spicules with  465 

Table 3. EDX analyses for the alteration rim of the Al-Si-O composite.The analytical error for main elements is < 1 %. 466 
The detection limit for trace elements is 500 – 1000 ppm. (bdl = below detection limit) 467 

 468 
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 469 
Figure 12. EPMA images of the studied ceramic composite before (a) and after the exposure to Reykjanes fluid at 470 
increasing temperature for 18 days at p = 310 bar and Tmax = 415°C (b). (c) SEM image of scalings found in the 471 
measuring cell after the experiment. (d) Close-up of the alteration rim with outermost bytownite layer. 472 

 473 
Figure 13. (a) EPMA element mapping of the ceramic composite shows Si-depletion/ Al-enrichment patterns in the 474 
concentric alteration rim. Note, that Ca was implemented in the outermost skin of the rim, indicated by new mineral 475 
formations of bytownite (b). 476 
 477 
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considerably lower Si content compared to the unaltered capillary material. Element mappings bare 478 

an internal structure of the alteration rim, which is defined by a concentric element depletion/ 479 

enrichment pattern, with zones of varying degrees of Si depletion. The outermost face of the 480 

alteration rim is covered by a predominantly amorphous, Ca enriched alumino-silicate layer of 481 

bytownite composition (Figure 13 and Table 3). In contrast, alteration is much less pervasive at the 482 

inner capillary tube and the reaction front extends into the material only by about 10 µm. As the 483 

capillaries were sealed with epoxy resin at their cold ends, no fluid flow was possible inside the 484 

capillaries and the fluid stagnated in the tubes. As a result, alteration there proceeded obviously 485 

much slower. Basically, the supercritical fluid did not affect the inner zone of the capillary and it 486 

still possesses the same massive texture and chemical signature as the untreated composite ceramic 487 

shown in Figure 12a. 488 

To reduce the risk of set-up destruction due to intense fluid-rock interaction, in the second reactive 489 

experiment the run-time was limited to 48 hours at supercritical conditions. Possibly for this reason, 490 

after the experiment with rock sample RN-17B no precipitates were found in the measuring cell.  491 

However, despite the measures to eliminate oxygen from the fluid, at the up-stream side of the 492 

measuring cell the surface of sample cores were coated with a rusty bloom, indicating an oxidation 493 

reaction, while no discoloring was noticed down-stream. Moreover, an increase of roughness of the 494 

sample morphology was clearly discernible. Weighing of the carefully washed and dried sample 495 

cores before and after the percolation experiment revealed a mass loss of 2 wt%. Additionally, for 496 

the largest sample core, positioned down-stream, porosity was determined before and after the 497 

treatment, indicating an increase in porosity by 2.5%. EMP analysis resolved both precipitation and 498 

dissolution features. The dissolution of plagioclase was nearly exclusively confined to the first 3 – 4 499 

cm of sample cores at the up-stream side. Here, plagioclase is characterized by numberless etch 500 

pits, which extend far into the mineral structure. In actinolites, which are associated to larger 501 

aggregates of randomly oriented, actinomorphic crystals, no etch pits were found. Here, it rather 502 

seems that the fluid affected 503 

 504 

                            505 

Figure 14. EPMA images of sample RN-17B after treatment with synthetic Reykjanes fluid at increasing temperatures.  506 
Dissolution features were predominantly found in sample cores positioned at the up-stream side of the measuring cell. 507 
However, all sample cores were coated with new mineral formations of bytownite, whereby larger crystals occurred 508 
down-stream. Dotted lines represent the initial surface of the sample cylinders. 509 
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 510 

          511 
                    512 
Figure 15. Comparison of major element fractions vs. SiO2 wt% in primary and secondary bytownite minerals. 513 
 514 
the amphiboles along their mineral faces and cleavage planes, and thus, dissolution occurs by 515 

pruning of the actinolith aggregates.  On the other hand, the surfaces of all sample cores were 516 

abundantly covered with new formations of plagioclase of bytownite composition. It was striking 517 

that secondary bytownite formations were small (< 30 µm), porous, and heavily joined at up-stream 518 

side (Figure 14a), while larger minerals with well-defined crystal planes occurred primarily on core 519 

fragments from the down-stream side (Figure 14b). Generally, the secondary bytownite crystals 520 

grew (epitaxial) particularly on pre-existent plagioclases (both, bytownite and albite), whereas 521 

amphiboles were avoided as crystal nuclei. Major element fractions of primary and secondary 522 

bytownite were nearly identical (Figure 15). Variations were found only for MgO and FeO, which 523 

were virtually not incorporated in the secondary plagioclases.  524 

 525 

4. Discussion and conclusion 526 

Electrical conductivity of salt solutions as function of temperature 527 

Generally, the electrical conductivities of the mixed brines investigated in this study exhibit left-528 
skewed curves, similar to those of aqueous single component solutions described by previous 529 
authors (e.g.  Quist and Marshall, 1965; Ucok, 1979; Ho et al., 2001). Quist and Marshall (1968) 530 
stated that the temperature dependent increase in electrical conductivity, σ(T), of saline solutions is 531 
controlled by a complex interaction of changes in viscosity, density, and dielectric permittivity. In 532 
turn, these parameters largely govern the equilibria of the dissolved ionic species and hence the 533 
concentration of free, conductive ions in the solution. Up to 300°C the viscosity of water decreases 534 
sharply and causes a rapid increase in ion mobility and hence the increase in electrical conductivity. 535 
Additionally, up to about 249 °C highly conducting H3O+ and OH- ions are produced by auto-536 
protolysis of water (Marshall, 1987). At higher temperatures, the viscosity reduction subsides 537 
considerably, while the decrease in isobaric density is increasingly intensified. In consequence, the 538 
number of ions per volume unit decreases, what counterbalances the effect of ion mobility and 539 
reduces the ability for water dissociation. Consequently, this leads to a beginning decrease in 540 
electrical conductivity of the solutions. Moreover, the increasing weakening of hydrogen bonds 541 
with decreasing density is reflected by a quickly declining dielectric constant of water from nearly ε 542 
= 80 at ambient conditions to about ε = 14 at 350 °C and 25 MPa and to about ε = 5 at the critical 543 
point (Uematsu and Franck, 1980). This indicates a degradation of the polar character of water with 544 
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temperature. Hence, the ability of water to dissolve inorganic salts diminishes with increasing 545 
temperature and oppositely charged ions begin to recombine, what additionally reduces the number 546 
of charge carriers. When reaching the critical point this effect is intensified, as the internal structure 547 
of water changes significantly by a considerable breakdown of the extended network of the 548 
hydrogen bonds and the reorganization of a finite number of H2O molecules into separate H2O 549 
clusters (Galkin and Lunin, 2005). In respect to available solubility data for chlorides and sulfates 550 
relevant in this study (Khan and Rogak, 2004; Leusbrock et al., 2009; Voisin et al., 2017 and ref. 551 
therein), the concentrations in our stock solutions are not sufficient to reach the saturation limits at 552 
supercritical conditions for most components (Figure 16). This applies largely for the diluted 553 
solutions, where the initial salt concentrations are several orders of magnitude lower than the 554 
individual saturation limits and no precipitation should occur. In the higher concentrated Reykjanes 555 
solution only NaCl and CaCl2 might be in the vicinity of the particular saturation limits. 556 
Nonetheless, only for the diluted single component NaCl brine these considerations seem to be 557 
valid as σq of the quenched fluid samples, equilibrated at different temperature steps between 22 – 558 
386 °C, remained nearly constant, while there are several markers indicating a removal of charge 559 
carriers due to the precipitation of salt from the synthetic Krafla and Reykjanes solutions: (1) 560 
Precipitation is the most plausible explanation for the observed decrease in σq measured in the 561 
quenched samples of the mixed brines. (2) The chemical analyses of quenched fluid samples show 562 
that at near- and supercritical conditions the Ca2+ concentration in the solution is considerably 563 
reduced by an order of magnitude, while a similar effect was not observed for K and Na. (3) 564 
Precipitates, which were found in the measuring cell and at the surface of the corundum capillaries 565 
after finishing a long-term flow experiment with Krafla solution, are composed of a stoichiometric 566 
mixture of all present ions. It is conceivable that Ca precipitated as sulfate phase, which possesses 567 
only a minor solubility in water at 20 °C (2 g/l). This would substantially reduce the concentration 568 
of Ca+ in the released fluid. The solubility of Ca(OH)2 is even lower at 1.7 g/l at 20°C.  (4) We 569 
assume that precipitations, such as NaCl, KCl, CaCl2, partly were dissolved in the fresh solution, 570 
delivered during the cooling phase. This may have caused the higher conductivities of the mixed 571 
brines during the cooling cycle, compared to the fluid samples taken during heating phase. 572 
Moreover, re-dissolution is a reasonable explanation for the minor decrease in Na+ and K+ 573 
concentrations in the released fluids, as their chlorides and sulfates are highly dissolvable.   574 

 575 

   576 

Figure 16. Compilation of available experimental solubility data for various salts relevant in this study (after Voisin et 577 
al., 2017). The dotted lines mark the densities of Krafla (K) and Reykjanes solutions (R) at conditions they pass the 578 
liquid - supercritical phase boundary. Densities of both solutions were corrected for the salt concentration via the 579 
approach of Batzle and Wang (1992). The shaded areas highlight density ranges resulting from isobaric temperature 580 
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variations applied in this study. Open symbols represent the initial concentrations of the various salts in the synthetic 581 
Krafla and Reykjanes fluids. 582 

Solubility data for salt mixtures are rare in literature. However, the scarce experimental data 583 

available for two component brines suggest, that it is misleading to predict solubility limits of the 584 

mixtures from data of the individual components, as complex interactions may increase or decrease 585 

the solubility of one salt in presence of the other one (Voisin et al., 2017). The variety of chemical 586 

components in the studied Krafla and Reykjanes fluids provides for co-existence of a large number 587 

of different dissolved ionic species (such as Na+, NaSO4-1, K+, KSO4-1, Ca2+, CaCl+,…). The 588 

interrelation of their particular equilibria is complex, temperature sensitive, and regulated by 589 

common-ion effects, which arise when several salts with common cations or anions are present in a 590 

system. Based on the principle of Le Chatelier, the competition between two chemical components 591 

for a common ion leads to a shift of dissolution reactions towards the solid phase to balance the 592 

solubility equilibrium and counter the charge. The fact that the normalized conductivities of the 593 

mixed brines and the diluted NaCl solution, examined in this study, are almost identical for wide 594 

temperature ranges below the critical point, may indicate that common-ion effects here have no or 595 

only a limited influence on the concentration of free, conductive ions. One reason for this might be 596 

that the concentration of the dominant salt, NaCl, is generally low in our stock solutions and, at 597 

least for subcritical conditions, is clearly below the saturation limit. The concentration of the 598 

competing salts is 1 to 2 orders of magnitude less than that of NaCl. This is probably too low to 599 

significantly shift solubility equilibria towards solid phases to be resolvable by means of electrical 600 

measurements. 601 

In contrast, both the depletion of charge carriers in fluid samples quenched from supercritical 602 

conditions and the observed precipitations from the diluted multi-component Krafla solution in a 603 

long-term experiment indicate that common-ion effects become more important at supercritical 604 

conditions. The fact that no distinct salt phases could be identified here and the precipitates were a 605 

stoichiometric mixture of all present ions, underlines the central role of the competing equilibrium 606 

reactions in governing the concentration of free ions, and thus the electrical conductivity, at 607 

elevated temperatures. However, due to the limited data this needs further examination. 608 
 609 

Influence of fluid-solid interaction on electrical fluid conductivity 610 

As discussed above, the solubility of inorganic salts and multi-oxide minerals (e.g. silicates) in 611 

aqueous solutions of low density (pT conditions near the critical point) is modest to low (Kennedy, 612 

1950; Morey and Hesselgesser, 1951; Wyart and Sabatier, 1955; Hellmann, 1995) and not sufficient 613 

to produce large shift of the critical point of the solution (Newton and Manning, 2008). This was 614 

confirmed by our experimental observations. On the other hand, the impact of mineral dissolution 615 

on σfl of the studied Reykjanes solution is remarkable, as could be demonstrated by spontaneously 616 

soaring conductivities by the 7-fold after supercritical conditions had been applied. The rapid 617 

inversion of σfl from decreasing to increasing values points to a massive release of charge carriers 618 

from the offered solid materials, which, in combination with their enhanced mobility, 619 

counterbalances the effect of salt precipitation. This again is manifested in the fluid chemical data, 620 

which show a peak in total Si and Al concentrations at near-critical temperature, while for 621 

temperatures above the critical point slightly reduced concentrations were detected, which points to 622 

mineral precipitation. Regarding the run with Al – Si – O composite, from fluid chemistry it is 623 

evident that the release of Si is favored compared to Al and became apparent at temperatures above 624 
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200 °C. The solubility of Al2O3 in pure supercritical water near the critical point is about 2 ppm and 625 

thus by factor 500 lower than solubility of SiO2 at similar conditions (Ziemniak, 1995). Hence, 626 

EPMA element mapping and microstructural investigations revealed that the alteration rim of the 627 

composite capillary is essentially composed of a porous framework of remaining Al2O3 needles, 628 

while interstitial SiO2 was largely dissolved. Various studies found that the reactivity of NaCl and 629 

KCl solutions is enhanced at low to moderate salinity (< 0.5 molal) (Dove and Crearer, 1990; 630 

Walter, 2001). Moreover, dissolution rates of quartz and corundum are increased in Al2O3 – SiO2 – 631 

NaCl – H2O systems (Newton and Manning, 2008). Thus, absolute Al and Si concentrations, 632 

dissolved in the quenched samples of Reykjanes fluid of this study, are higher than expected for 633 

reactions in pure water. In addition, strong acidic pH values of 1-2 in quenched fluids of Al2O3 – 634 

SiO2 – NaCl – H2O systems were reported by Newton and Manning (2008) for dissolution 635 

experiments at 800 °C and 1 GPa. They assume that the acid pH is due to a removal of Na from the 636 

solution by complexing with Al and a synchronous protonation of the residual Cl to HCl, which 637 

dissociates on quenching to give the observed low pH at ambient conditions. As the solubility of 638 

corundum decreases with decreasing pressure, for the pT conditions applied in our study less Al 639 

should be available for complexing and hence less Na would be removed from the fluid phase. This 640 

should consequently result in less acid pH, given that the complexing mechanism is similar at lower 641 

pT range of the supercritical zone. The dramatic changes in σfl within seconds at the critical 642 

temperature indicate (1) a significant and immediate increase in solubility of the composite material 643 

in contact with supercritical aqueous solutions and point (2) to high kinetics of the chemical 644 

reactions. However, from EPMA it is apparent that the alteration of the solid material is most 645 

effective where fresh fluid continuously is flowing around the solid. In contrast, the same 646 

experimental runtime at the same pressure and temperature conditions, led to a much less pervasive 647 

alteration of the composite material, when the wetted surface was exposed to a stagnant fluid. In 648 

this case, the reaction rate seems to slow down considerably or even comes to an end. This is 649 

probably due to the adjustment of a chemical equilibrium and the stabilization of the reaction front. 650 

Hellmann (1994) came to a similar result, when comparing literature data obtained with different 651 

experimental approaches. He concluded that static hydrolysis experiments almost always produce 652 

lower rates compared to those, which were obtained in flow systems.  653 

The amorphous bytownite layer around the ceramic composite and the sporadic growing of tiny 654 

bytownite crystallites give reason to assume that precipitation in this experiment occurred 655 

predominantly during cooling down the set-up, after the fluid filter at the down-stream side of the 656 

capillary system was clogged and fluid flow was disrupted. Thus, the measuring cell could not be 657 

rinsed with fresh solution and precipitation started from a quickly cooling fluid saturated in Si and 658 

Al under consumption of Na and Ca from Reykjanes solution. 659 

In the volcanic breccia RN-17B, mineral dissolution started above 150 °C. In particular, Si was 660 

mobilized, displayed by a gradual increase in Si concentration up to temperatures of 380 °C, 661 

whereas the Al concentration initially increased slowly starting at temperatures higher than 200 °C. 662 

No significant variations were resolved for the Na concentration. This, however, may be due to the 663 

fact that NaCl was already present as main component in the stock solution, what may have masked 664 

the input of Na from plagioclase hydrolysis. Figure 17 displays the concentration of Si, Al, Na, and 665 

Ca, normalized on their particular concentrations at 23 °C/ 31 MPa. It is obvious that near the 666 

critical temperature (402 °C) the release of Al accelerated disproportionately, with regard to the 667 

concentrations of all other considered chemical components, which remain nearly constant. Above 668 

the critical temperature a reduction in concentration was resolved for all chemical components, 669 
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what points to the precipitation of an alumino-silicate phase from the supercritical fluid. Beyond 670 

this, fluid samples exposed to RN-17B at supercritical conditions possess lower pH values than 671 

those seen in the experiment with the industrial ceramic. That may point to a higher availability of 672 

Al for complexation with Na and the resulting protonation of the residual Cl (see above). Another  673 

 674 

Figure 17. Concentration of various chemical components in quenched samples of Reykjanes fluid, which were exposed 675 
to a volcanic breccia (RN-17B) at different temperatures. Cation concentrations were normalized on concentrations at 676 
23°C. 677 

explanation might be an additional acid deposition into the solution, released for instance during 678 

dissolution of volcanic glass from the hyaloclastic breccia (Ruggieri et al., 2015). 679 

At supercritical conditions, in both reactive experiments, considerable variations of electrical 680 

conductivities were observed, which may indicate a dynamic interplay of two competitive 681 

processes: ion depletion by mineral precipitation and the input of new charge carriers due to 682 

progressive mineral dissolution. Hence, steady state, as reported from dissolution experiments on 683 

albite in a temperature range between 100 – 300 °C (Hellmann, 1995), was not achieved in our 684 

experiments for supercritical conditions. At the up-stream side, mineral dissolution may produce a 685 

local supersaturation of Reykjanes fluid in dissolved chemical components at concomitant 686 

undersaturation of the bulk solution. This may explain the local precipitation of bytownite at the 687 

primary plagioclase/ fluid interface, which in turn, became shielded by the new mineral formations. 688 

Consequently, the release of further ions from deeper horizons of the leached layer would have 689 

been impeded, leading to a re-dissolution of secondary bytownite, as it is indicated by the small and 690 

heavily porous crystals at the up-stream side. The lack of pervasive mineral leaching at the down-691 

stream side suggests that the bulk solution was already enriched with the various chemical 692 

components, when the fluid entered the rear of the measuring cell. Thus, the reaction kinetics of 693 

mineral dissolution in our experiment is expected to exceed that of mineral precipitation, leading to 694 

a positive net input of dissolved elements into the bulk solution and resulting finally in a saturation 695 

equilibrium. Therefore, precipitation may be favored at the down-stream side. The insignificance of 696 

the competitive mineral dissolution allows an undisturbed growing of larger mineral formations 697 

with well-defined crystal faces.  698 

Generally, higher Si concentrations were detected in fluid samples from the experiment with the 699 

composite, possibly indicating that dissolution is favored in case of sacrificial material with simple 700 

mineral composition as competing dissolution processes can be neglected. In contrast, we have 701 

observed a substantial growing of new minerals of respectable size at the surface of the rock 702 



24 

sample. This underlines the significance of crystal nuclei with similar lattice structure and might be 703 

an indication that the mineral formation is energetically more favorable, when the required 704 

chemical components are concentrated in locally supersaturated solutions and do not have to be 705 

made available from the fluid.  706 

 707 

It has to be noted that our chemical data are somewhat contradictory to established dissolution 708 

models for alumino-silicates (Hellmann, 1995; Oelkers, 2001; Schott et al., 2009), which propose a 709 

sequential breaking of metal-oxygen (Me-O) bonds due to metal-proton exchange reactions at the 710 

mineral surface. Based on solubility rates of multi-oxide silicates and numerical models it is widely 711 

accepted that the strength of Me-O bonds increases with their increasing valence. Thus, Na(I)-O 712 

bonds should break more rapidly than Al(III)-O, while breaking the Si(IV)-O bond is the slowest 713 

step, unless a strong basic pH (pH > 10) or a strong acid pH (pH < 3) adjusts this ranking in favor 714 

of Al(III)-O and Si(IV)-O bonds. As reported above, in both reactive experiments, quenched fluid 715 

samples, exposed to near- and supercritical conditions, are characterized by an acid pH, which, 716 

however, was found never lower than pH 3. We are aware of the problems which result from the 717 

utilization of altered rock materials in reactive experiments. However, our focus here is not the 718 

investigation of dissolution mechanisms but the impact of fluid – solid interactions on fluid physical 719 

parameters. 720 

The fluid data indicate a beginning hydrolysis of silicate phases at about 200 °C. However, only for 721 

experiment RN-17B significant deviations in normalized fluid conductivities, σn, from those of the 722 

non-reactive runs, were observed between 150 – 300 °C (see Figure 5). Thus, a simple correlation 723 

between mineral dissolution and excess conductivity is not valid in this temperature range, as Si 724 

concentrations are even higher in a fluid sample exposed to the ceramic composite at 250 °C. The 725 

special sample electrode arrangement in experiment RN-17B can be excluded as a cause, since the 726 

deviation should not be limited to a narrow temperature range in that case. Rather, the deviation in 727 

σn may possibly result from an additional contribution of temperature-dependent surface 728 

conductivity at mineral-fluid interfaces, which might become insignificant at near-critical 729 

conditions.  730 

Generally, the relationship between increasing σfl and mineral dissolution at supercritical conditions 731 

is evident and raises the question, whether sub- and supercritical stock-works of shallow geothermal 732 

high-enthalpy reservoirs (Reykjanes, Krafla) can be distinguished by deep resistivity surveys at all. 733 

On basis of the experiments we carried out so far, no clear statement is possible at this time. On the 734 

one hand, the spatial resolution of electrical measurements at field scale is positively correlated to 735 

the conductivity contrasts in the underground. The temperature intervals between 374 °C – 378 °C 736 

(Krafla fluid) and between 390 °C – 410 °C (Reykjanes fluid) are characterized by a strong 737 

decrease of σfl by an order of magnitude. Hence, for steep temperature gradients, as they are given 738 

in Krafla and Reykjanes systems (Fridleifsson et al., 2003; Fridriksson et al., 2015), the depth range 739 

covering these temperature intervals could be resolvable and anomalies with high resistivities, ρ 740 

(with ρ = σ-1), should be identifiable, given that electrolytical conductance is the dominating 741 

contribution to bulk conductivity. On the other hand, temperature dependent conductivity contrasts 742 

can be blurred by changes in the lithology or by alteration.  On the basis of our results, the 743 

detectability of supercritical roots will mainly depend on the intensity of fluid-rock interactions. 744 

Whereas low permeable zones with less fluid–rock interactions might be characterized by a positive 745 

resistivity anomaly, highly permeable areas with correspondingly extensive hydrothermal 746 

overprinting may be difficult to identify as supercritical, since high electrical conductivities due to a 747 
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high load of charge carriers might lead to underestimated temperatures. However, for a final 748 

conclusion further investigation is required under both static and dynamic experimental conditions. 749 

Another aspect, which is mainly of interest for an economic exploitation of supercritical reservoirs, 750 

is how the competing processes of mineral precipitation and mineral dissolution affect the 751 

permeability of the production system. Our study shows that the operation of our fluid flow-through 752 

system died down completely after 18 days of permanent percolation of Si enriched fluid due to 753 

scalings in the fluid filters in the low temperature domain of the system. The possibility of similar 754 

effects should be taken into account for applications at the field scale. 755 
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