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ABSTRACT

The knowledge of water-rock interaction at high temperature is crucial for understanding the effective power generation from
supercritical geothermal reservoirs. In particular, the characteristics and behaviors of silica in super-heated steam are still poorly
understood. In this study, we conducted flash experiments of high-silica solutions from sub to supercritical conditions (~350 °C and
~450 °C at ~36 MPa) and the products caught by the alumina filter were investigated in detail. The input solutions were prepared by
dissolution of sands of granite, quartz and basalt in distilled water at subcritical conditions. The flash experiments showed nearly
isothermal decompression, and phase changes of water occurred within 1 second. In all cases, we found the formation of spherical
particles of amorphous silica that was 100 nm to 10 um in size. In the experiments with basalt-dissolved solutions, micron-scale
elongated crystals (probably albite) were also found. Our results suggest that the transport, growth and adhesion behavior of such
nano to micron-scale particles plays an important role in the clogging of fractures and mineral scaling.

1. INTRODUCTION

Recently, supercritical or superhot geothermal reservoirs have received much attention as a frontier of renewable energy, and the
drilling projects into hotter parts of hydrothermal systems have been conducted around the world including Iceland, Italy and Japan
(e.g., Doi et al., 1998; Fridleifsson et al., 2017; Reinsch et al., 2017; Kruszewski et al., 2018). However, our knowledge of the
nature of water-rock interaction at such high temperatures is still limited. Silica scaling is a particularly serious problem as it
reduces the efficiency of power generation. Although it is expected that a large amount of silica could be contained in fluids or
steam from the supercritical reservoirs, few studies have been conducted on the formation of silica scaling at high temperatures
(>300 °C; Karlsdottir et al., 2015).

The solubility of silica minerals such as quartz and amorphous silica in water varies as a function of temperature and water density
(Fig. 1a; e.g., Fournier and Potter, 1982; Manning, 1994; Akinsief and Diamond, 2009; Karasek et al., 2013). In geothermal areas
with high geothermal gradient, drastic change in water density occurs with depth, and thus the dissolution and precipitation of silica
minerals plays an important role in shaping and maintaining the productivity of geothermal reservoirs (Fournier, 1991; 1998;
Saishu et al., 2014; Tsuchiya, et al. 2016; Okamoto et al., 2017). One of the plausible mechanisms of silica precipitation is
decompression of fluids (e.g., Rusk and Reed, 2002). Deep within hydrothermal systems, fluid pressure can fluctuate between
lithostatic and hydrostatic induced by seismic events, which causes silica supersaturation. Recently, a drastic scenario for quartz-
gold veins has been proposed by Weatherley and Henley (2013). In their model, at the instance of earthquake, the fluid pressure
drops at the fault jog below hydrostatic pressure (up to vapor), and such flash vaporization could cause co-precipitation of silica and
gold. The situation of flash vaporization is similar to the situation of the production well of the geothermal systems. Karlsdottir et
al. (2015) conducted the in situ test of IDDP-1 site of Island at 350 °C and revealed a rapid growth of silica scaling. It is expected
that superheated steam produced from the supercritical reservoir contains a large concentration of silica, but the nature of silica in
high-temperature steam is not clarified. The kinetics of silica precipitation has been mainly investigated based on surface reactions
of preexisting minerals (Rimstidt and Barnes, 1980), and therefore, mechanism and rate of silica precipitation at extremely high-
supersaturated conditions are poorly understood.

Our research group has conducted a series of silica precipitation experiments at supercritical conditions (c.a. 430 °C, 30 MPa) using
a flow-through apparatus (Okamoto et al., 2010; Okamoto and Sekine, 2011; Saishu et al., 2012; Saishu et al., 2014). These
experiments revealed that depending on P-T conditions, solution chemistry (supersaturation, trace elements such as Na and Al) and
type of rock substrates, silica precipitation occurs in various ways including epitaxial growth of pre-existing quartz grains,
homogeneous or heterogeneous nucleation of quartz and formation of metastable silica minerals, such as amorphous silica,
cristobarite (opal-C), and chalcedony. Recently, we have conducted a new type of silica precipitation by flashing of granite-
dissolved aqueous solutions from sub- to supercritical conditions (Amagai et al., 2019), and reported that amorphous silica was
produced induced by flash vaporization. In this contribution, based on the data of Amagai et al. (2019) and of additional flash
experiments with using different input solutions (Fig. 1b), we reveal that characteristics of precipitates produced by flash
vaporization, and discuss the implications to the developments on the supercritical geothermal reservoirs.
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2. EXPERIMENTAL METHOD
2.1 Apparatus

We used the main autoclave (110 ml) where the inner wall and inner caps were made of a titanium alloy (64 Ti) and titanium,
respectively (Fig. 2). The autoclave was placed vertically in the furnace and was connected to a water tank, syringe pump, stop
valve, and back pressure valve by the stainless-steel pipes (SUS316). Temperature was measured at the center of the autoclave and
fluid pressure was measured at the inlet. For catching the silica precipitates, we installed a cylindrical alumina filter (Fuji Chemical,
FA220, diameter of 6.3 mm, height of 5.0 mm, average pore diameter, ~60 um) within the outlet inner cap.

2.2 Experiments and analyses

We prepared three types of the input solution of the flash experiments by dissolution of sands of granite (Amagai et al., 2019),
quartz, and basalt from Iceland. Distilled water entered the cylindrical flow-through autoclave at a constant flow rate of 0.5-1.0
ml/min, and the sands of granite, quartz and basalt were dissolved at 360-370 °C and 35-41 MPa, and the solutions were stored in
water tank. Table 1 shows the concentrations of Si, Al, Fe, Mg, Ca, Na and K of the input solutions measured were determined by
inductively coupled plasma—atomic emission spectrometry (ICP—AES, HITACHI P-4000) at Tohoku University, Sendai, Japan.
The concentrations of Si in the quartz-dissolved (273.8 mg/kgH20) and granite-dissolved solutions (258.3 mg/kgH20) are similar to
each other, whereas Si concentration in the basalt-dissolved solution was relatively low (172.5 mg/kgH20). Al (17.2 mg/kgH20)
and Na (39.9 mg/kgH>0) concentrations in the basalt-dissolved solution are higher than those in the granite-dissolved solution (Al
= 5.9 mg/kgH>0, Na = 6.8 mg/kgH>0). The concentrations of K and Ca are similar between granite-dissolved and basalt-dissolved
solutions.
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Figure 1: (a) The solubility of quartz in water (Si, mg/kgHz0) in the phase diagram of water calculated following Manning
(1994). (b) The P-T paths of the flash experiments (within 3 seconds after flashing) using the quartz-dissolved
solution at ~350 °C and ~450 °C (Qz350, Qz450), granite-dissolved solution at ~350°C and ~450 °C (Gr350, Gr450)
and basalt-dissolved solution at ~450 °C (Ba450). P-T conditions were recorded in 0.1 second interval. SCF =
supercritical fluid. Cp = critical point of water.

Table 1: The compositions of starting solutions used for the flash experiments.

Si Al Fe Mg Ca Na K pH*

mg/kgH,0
Qtz-dissolved solution 273.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a
Granite-dissolved solution 258.4 5.9 <0.1 <0.1 1.9 6.8 6.1 6.8
Basalt-dissolved solution 172.5 17.2 <0.1 <0.1 1.1 39.9 5.2 7.9

*pH at room temperature
n.a. = not analyzed.

Before the flash experiments, the autoclave was filled with the starting solution (Table 1) using the syringe pump at room
temperature. Then, the solution was pressurized to ~36 MPa by controlling the back-pressure valve. At the time of flashing, the
fluid pressure instantaneously dropped to the atmospheric pressure by opening the stop valve; due to the volume increase by
decompression, a large amount of upward fluid flow occurred through the alumina filter, which caught the particles of silica
precipitates. We conducted a series of the flashing from the subcritical condition ~36 MPa and ~350 °C (Qz350; Gr350), and the
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supercritical condition 450 °C (Qz450; Fr450; Ba450), respectively. The changes of P-T condition were recorded in the data logger
with time intervals of 0.1s. After the flashing experiments, we took the alumina filter, and observed silica precipitates on it using
the Field Emission Scanning Electron Microscope (FESEM, HITACHI SU-8000) at Tohoku University. Silica minerals were
identified using a micro-Raman spectroscope (HORIBA XploRA PLUS) at Tohoku University equipped with a 532 nm laser and

2400 grooves/mm grating, as possible.
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Figure 2: Photo (left) and schematic illustration (right) of experimental apparatus of flash experiments.

3. RESULTS AND DISCUSSION

Figure 1b shows the P-T paths within 3 seconds after the flashing in all runs. All the runs showed almost isothermal decompression
with pressures to below 5 MPa, and water changed from liquid to vapor at 350 °C and from supercritical fluids to vapor at 450 °C
within 1 second to produce superheated steam. In a duration of 1-3 seconds, the temperature slightly decreased probably due to the
evaporation of liquid water in the capillary tube.

Figure 3: The SEM photos of the surface morphologies of the products produced by flash experiments. (a) quartz-dissolved
solution at 350 °C (Qz350), (b) quartz-dissolved solution at 450 °C (Qz450), (c) granite-dissolved solution at 350 °C
(Gr350), (d) granite-dissolved solution at 450 °C (Gr450), and (e) basalt-dissolved solution at 450 °C (Ba450). Gr350
and Gr450 were taken from the results of Amagai et al., (2019). Scale bars indicate 2 pm.
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Figure 3 shows the SEM photos of the products of the flash experiments. The products from the quartz-dissolved solution (Qz350,
Qz450; Fig. 3a, b) and from the granite-dissolved solution (Gr350, Gr450; Fig. 3¢, d) showed the similar characteristic features. On
the alumina filter, the spherical particles with sizes of ~100 nm to 6 um were collided and stacked on the alumina filter. Raman
spectroscopy revealed that these particles are amorphous silica, and semiquantitative EDS analyses showed that <1 wt% of ALO;3
and K>0, and 1-2 wt% of Na2O were contained in the products from the granite-dissolved solution (Amagai et al., 2019). There are
no systematic differences in size and shapes in the particles between 350 and 450 °C (Fig. 3a-d), but the amount of the precipitates
on alumina filter at the 350 °C seems smaller than those at 450 °C. As the solubility of silica minerals in vapor is low at both 350
and 450 °C, the difference of the precipitation amounts could suggest that smaller silica particles (<100 nm) passed though the
alumina filter at 350 °C. Some of the silica particles show the cauliflower-like surface morphology with wavelength of 100-200 nm
(Fig. 3a-d), suggesting that these silica particles were probably produced not only by homogeneous nucleation but also aggregation
during the evaporation of droplets.

Quartz is the most stable silica phase in crusts, whereas the flashing products are amorphous silica. However, the flashing causes
the drastic changes of water density, leading to a supersaturation ratio of not only quartz but also amorphous silica. As the surface
energy of amorphous silica (65 mJ m2) with respect to water is lower than that of quartz (350 mj m?; Lasaga, 1998; Amagai et al.,
2019), amorphous silica firstly nucleated from the solutions. When these amorphous silica particles were put in hydrothermal
solutions, they rapidly changed to more stable phases (cristobalite and quartz) by heterogeneous nucleation and dissolution-
precipitation processes (Okamoto et al., 2015; Amagai et al., 2019).

In contrast to the flash experiments with the quartz and granite-dissolved solutions, the experiments with the basalt-dissolved
solution produced the elongated crystals with 3-5 pm in length and ~1 um in width, as well as the spherical amorphous particles in
similar size of the other experiments (Fig. 3e). Although it is difficult to identify these crystals by Raman spectroscopy due to the
background of the alumina filter, they are probably albite considering the Na and Al-rich solution chemistry (Table 1) and crystal
shape (Fig. 3e). Therefore, the results of this study (Fig. 3) suggested that the granite and basalt-hosted geothermal systems
produced the different types of scale. However, it is noted that the chemical compositions of the basalt-dissolved solution in this
study is different from those of geothermal fluids in IDDP-1 and 2 sites, as (1) IDDP-1 encounters the rhyolite magma meaning that
it is not pure basalt-water interaction (Elders et al., 2015), and (2) IDDP-2 sites are characterized by an infiltration of seawater
(Frioleifsson et al., 2017), where the Na-rich composition of seawater could prevent the dissolution of albite from plagioclase.

This study indicates that superheated steam produced from the supercritical or superhot geothermal reservoirs contains nano to
micron-scale particles of silica minerals. Further investigations for dynamic behavior of these particles are required for flow,
aggregation and adhesion processes for understanding their effects on the permeability of the reservoirs and for reducing the scaling
and corrosion of pipelines as well as turbines during the operation of geothermal power plants.
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