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ABSTRACT

Silica is one of the dominant constituents of the Earth’s crust, and dissolution and precipitation of silica minerals have a significant
role on the hydrological properties of the Earth’s crust. However, the role of dissolution and precipitation of silica minerals on
fracture permeability is still unclear.

In this study, the hydrothermal flow-through experiments were conducted to reveal the mechanism and kinetics of silica
precipitation in the crustal conditions. Large amount of silica precipitation occurred only in the supercritical conditions of water.
The strong temperature dependence of silica precipitation can be explained by the homogenecous nucleation of quartz. With
increasing Al and Na concentrations in the solution, the dominant precipitates changed systematically from amorphous silica to
cristobalite to quartz, and precipitation rate increased.

The Kakkonda geothermal field, Japan, has a deep well that penetrated the boundary between the hydrothermal convection zone
and the heat conduction zone. Calculation of quartz solubility revealed that the depth of a local minimum of quartz solubility
corresponds to that of the permeable-impermeable boundary at the Kakkonda geothermal field.

These experimental and calculation results suggest that the rapid quartz precipitation plays a significant role in forming and
sustaining the permeable-impermeable boundary within the Earth’s crust, especially at geothermal fields.

1. INTRODUCTION

Silica-water interaction is one of the dominant geochemical reactions and has a role on the hydrological properties within the
Earth’s crust. Precipitation of silica polymorphs (e.g., quartz, cristobalite, amorphous silica) has been observed ubiquitously as
quartz vein, silica sinter, and silica scale. The major component of silica scale is amorphous silica, whereas veins consists of quartz
without amorphous silica. Stretched-crystal and elongate veins (Bons 2000) show the epitaxial growth of quartz from the surfaces
of quartz crystals in the wall rocks. Blocky veins filled by equant quartz grains have been considered to form via nucleation of
amorphous silica and diagenesis of silica polymorphs, which is the change of amorphous silica — cristobalite — quartz (Williams
et al. 1985). The high rate of ascent fluids is also expected to realize the high SiO, concentrations in the fluid, nucleation of silica
minerals, and bringing of precipitated products from the deeper part to the shallower part (Okamoto and Tsuchiya 2009). The
variety of precipitation of silica polymorphs leads to the expectation that dissolution and precipitation of silica polymorphs could
control the distribution of fluids, the process of fracture sealing, and the spatial and temporal change of the permeability within the
Earth’s crust. However, the effect of silica-water interaction on the hydrological properties of the Earth’s crust is still unclear.

At greater depths in the crust, permeability tends to be lower than that at shallower part. The transition from the permeable zone to
the impermeable zone is at around 10-15 km depth (Ingebritsen and Manning 2010). The transition zone of permeability
corresponds to that of the rock strength that has been known as the brittle-plastic transition (BPT) at 300—450 °C (Scholz 2002),
and that of pressure and seismicity. Within faults and fractures, the fluid pressure fluctuation between lithostatic and hydrostatic in
response to the seismic-interseismic cycle (Sibson 1992) is one of the possible driving forces of quartz vein formation (Rusk and
Reed 2002). Actually, in some deep wells, abundant quartz veins were observed at around the permeable-impermeable boundary,
indicating that large amount of silica precipitation could be a major geochemical reaction that would lead the self-sealed zone of the
BPT (Fournier 1999).

In this study, the significant effect of dissolution and precipitation of silica minerals on the permeable-impermeable boundary of the
Earth’s crust is suggested by the calculation of silica solubility and the hydrothermal experiments of silica precipitation. At the
Kakkonda geothermal field, Japan, the deep-drilling-well penetrated the boundary between the hydrothermal convection
(permeable) zone and the heat conduction (impermeable) zone at 3100 m depth (Doi et al. 1998). The boundary is at 380 °C and 24
MPa, and in the supercritical conditions of water. Based on the detailed observations of the Kakkonda geothermal field, the quartz
solubility at the Kakkonda geothermal field is calculated as a function of depth. In addition, hydrothermal flow-through
experiments of silica precipitation were conducted to reveal the dependences of temperature and minor components in the solution
on silica precipitation. The results of calculation and experiments suggest that the large amount of silica precipitation could seal
fractures rapidly and control the depth of the permeable-impermeable boundary within the Earth’s crust, especially in geothermal
fields.

2. THE CONDITIONS OF THE KAKKONDA GEOTHERMAL FIELD, JAPAN

The Kakkonda geothermal field within the Hachimantai volcanic zone, NE Japan, is one of the most extensive liquid-dominated
geothermal fields nationwide. The heat source of the hydrothermal system of the Kakkonda geothermal field is the Kakkonda
granite (Kato ef al. 1993; Doi et al. 1998). The K-Ar ages of K-feldspars in the hydrothermal veins at the Kakkonda areas are 0.2 +
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0.1 Ma (Koshiya et al. 1993). In the geothermal reservoirs recognized in the well WD-1a, the vertical permeability values are
approximately from 10™'* to 107" m? (Hanano and Takanohashi 1993).

Figure 1 shows the cross-section through the Kakkonda geothermal system. In 1995, the well WD-1a was drilled into the Kakkonda
field. Measured temperature in the well WD-1a exceeded the hydrostatic boiling-point curve with a maximum of >500 °C at a
depth of >3.7 km (Ikeuchi e al. 1998; Fig. 1, 2a). A depth of 3.1 km (380 °C and 24 MPa) within the Kakkonda granite was
regarded as the boundary between the hydrothermal convection zone and the heat conduction zone because the temperature
gradient changed (Doi et al. 1998; Ikeuchi et al. 1998; Fig. 2a). The core samples recovered from the base of the hydrothermal
convection zone have permeability values of 10”'7 m® (at room temperature; Fujimoto et al. 2000). By the logs of formation micro-
imager (FMI), high concentrations of fractures and closed fractures with low angles were observed from 1.8 to 2.9 km depth
(Muraoka et al. 1998; Fig. 2b). The strong reflectors in prestack time-migrated multi-channel seismic data were identified at or near
the 350 °C isotherm (Matsushima et al. 2003).

In this paper, the hydrothermal convection zone and the heat conduction zone are expressed as the permeable zone and the
impermeable zone, respectively (Fig. 1, 2).
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Figure 1: Schematic cross-section through the Kakkonda geothermal system (modified after Doi ez al. 1998).

3. CALCULATION OF QUARTZ SOLUBILITY
3.1 Conditions of calculation

The quartz solubility was calculated along the well WD-1a at the Kakkonda geothermal field by using the program LonerAP
(Akinfiev and Diamond 2009). Pressure and temperature at each depth were referred the observation data in Hanano and
Takanohashi (1993) and Ikeuchi et al. (1998) (Fig. 2a), respectively. Based on the low salinity of the geothermal fluids in the
Kakkonda geothermal field (Muramatsu et al. 2000), the condition of the fluid in the calculation was assumed to be pure H,O.

3.2 Calculation results

The depth of a local maximum of quartz solubility is at around 2 km depth (Saishu et al. 2014; Fig. 2c). The local maximum of
quartz solubility results in the dominant reaction being silica dissolution from both upward and downward fluids. The FMI logs
showed that the fracture concentration increases from the depth of 1.5 km to the deeper part (Muraoka et al. 1998; Fig 2b). The
strong seismic reflectors were also observed at around the 350 °C isotherm, which is also one of the evidences that fluid-filled
fractures contribute at 2 km depth (Matsushima ez al. 2003). These correspondences of the depth of the local maximum of quartz
solubility and that of the observed fluid-filled fractures suggest that quartz dissolution leads the formation of the open fractures and
affects the distribution of the relatively large amount of fractures.

The depth of a local minimum of quartz solubility correlates to the permeable-impermeable boundary (3.1 km depth) in the
supercritical conditions of water (380 °C, 24 MPa) (Saishu et al. 2014; Fig. 2). The calculation result suggested that precipitation of
silica minerals is a dominant reaction from both upward and downward fluids, and it could seal the fractures and control the depth
of the permeable-impermeable boundary. The downwards decrease in silica solubility from 2.3 to 3.3 km is much greater than the
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upwards decline in solubility beneath the boundary (Fig. 2¢). Downwards-moving fluids affect the amount of silica deposition more
than that in the upwards-moving fluids.
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Figure 2: (a) Temperature-depth curve obtained for the drillhole WD-1a (Ikeuchi et al. 1998). (b) The FMI logs of the well
WD-1a (modified after Muramatsu et al. 1998). (¢) Quartz solubility with depth (modified after Saishu ez al. 2014).
Calculation of quartz solubility was by using the program LonerAP (Akinfiev and Diamond 2009). The green line
shows the boundary between the permeable (hydrothermal convection) zone and the impermeable (heat conduction)
zone at 3.1 km depth.

4. HYDROTHERMAL EXPERIMENTS OF SILICA PRECIPITATION
4.1 Experimental methods

The hydrothermal flow-through experiments were conducted to investigate (1) the temperature dependence of silica precipitation
and (2) the effect of minor components in the solution on silica precipitation. No rock/mineral substrate was set in the precipitation
vessel in all experiments. The Si-supersaturated input solution was made by dissolution of rock/minerals to simulate the crustal
fluids. The concentrations of components in the input and output solutions (before and after passing through the precipitation
vessel, respectively) were observed by using ICP-AES. The precipitates were observed by using XRD, SEM, and EPMA.

Seven experiments of temperature dependence were conducted at 24 MPa, which was same as the pressure at the permeable-
impermeable boundary of the well WD-1a. Temperature was set as 200, 250, 300, 380, 390, 400, and 430 °C in each experiment.
The input Si-supersaturated solution was made by dissolution of granite sand at 350 °C. Concentrations of Si and minor
components (Al, Na, and K) in the input solutions were 332-348 and 1.3-3.7 mg/kg(H,0). Values of pH ranged from 6.9 to 7.4 at
room temperature in each experiment. The details of the experiments are expressed by Saishu et al. (2014).

In the experiments of minor components in the solution, pressure and temperature for precipitation were at 30 MPa and 430 °C, in
the supercritical conditions of water. The Si-supersaturated solution was made by dissolution of quartz and albite sand. Quartz was
dissolved at 280-360 °C. Si concentrations in the input solution was 268-375 mg/kg(H,0), which was higher than the solubility of
not only quartz but also amorphous silica at 30 MPa and 430 °C (Akinfiev and Diamond 2009; Okamoto et al. 2010). Dissolution
temperature of albite varied from 170 to 350 °C. Al concentrations in the input solutions were 0, 0.4, 1.2, 2.3, 3.0, 5.6, and 6.7
mg/kg(H,0). The Na concentration had a linear correlation with Al concentration in the input solutions (Na/Al molar ratio of
~1.48). Values of pH ranged from 5.5 to 8.2 at room temperature in each experiment. The details of the experiments are expressed
by Saishu et al. (2012).

4.2 Experimental results
4.2.1 Temperature dependence on silica precipitation

At >390 °C, Si concentration in the solution decreased under 100 mg/kg(H,0), in other words, the amount of precipitated Si in the
precipitation vessel increased to >250 mg/kg(H,O) (Saishu et al. 2014; Fig 3). The trend of increasing of difference of Si
concentration between input and output solutions correlates to the drastic decrease of quartz solubility at 24 MPa (Fig 3). The
experimental results suggested that large amount of silica precipitation occurs only in the supercritical conditions of water, whereas
less precipitation of silica minerals occurs in liquid phase.
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Figure 3: Temperature of precipitation and difference of Si concentrations between the input and output solutions
(modified after Saishu ez al. 2014). The red circles show the difference of Si concentrations between the input and
output solutions, dCg;, in the experiment. The line shows the solubility of quartz at 24 MPa calculated by LonerAP
(Akinfiev and Diamond 2009).

4.2.2 The effect of minor components in the solution on silica precipitation

Figure 4 shows the XRD results of the precipitated products in the experiments of minor components in the solution. The observed
precipitated products by XRD were quartz (Q) and cristobalite (X). Calcite at 20 = 29.4° was used as the standard (STD) material to
estimate the relative intensity. The main compositions of the precipitates changes systematically with increasing Al concentration in
the input solution (Saishu et al. 2012). In the materials precipitated from the solution of Al concentration of <1 mg/kg(H,0), no
peak was observed by XRD, indicating that amorphous silica precipitated dominantly (Fig. 4). In the solution of Al concentration
>1 mg/kg(H,0), cristobalite and quartz precipitated (Fig. 4). In the experiments of Al concentration in the input solution of 5.6 and
6.7 mg/kg(H,0), almost all of precipitates was quartz (Fig. 5) and no relics of precipitation of amorphous silica was found within
quartz crystals. The correlation of (1) the difference in Al and Na concentrations (mol/L) between the input and output solutions
and (2) the Al and Na contents (mg/kg) in quartz precipitated in the experiments of Al concentrations of 3.0-6.7 mg/kg(H,0)
indicates that Al coupled with Na is incorporated into quartz (Saishu ez a/. 2012). The amount of precipitates increased from 13 to
61 mg/h linearly with increasing Al concentration in the input solution from 0 to 6.7 mg/kg(H,O) (Saishu et al. 2012).
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Figure 4: XRD results of the precipitated products in the experiments of Al concentration in the input solution, Cy;, = 0-6.7
mg/kg(H,0) (modified after Saishu et al. 2012). The degree of XRD analysis was 20 = 20-30°. Observed precipitated
minerals were quartz (Q) and cristobalite (X), respectively. Calcite (C) at 20 = 29.4° was used as the standard (STD)
material to estimate the relative intensity.
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Figure 5: The cross-section of the precipitation vessel at 8 cm from the inlet in the experiment of Al concentration 5.6
mg/kg(H,0).

5. DISCUSSION

Strong temperature dependence observed in the experiments can be explained by the homogeneous nucleation of quartz in the
surface energy of quartz, 6 = 130 mJ/m* (Saishu ez al. 2014), which correlates with the value estimated from greenschist-facies
metapelites (145 mJ/m®) (Hiraga et al. 2002). Quartz precipitation via nucleation in the supercritical conditions of water is
considered to be faster than that via growth on quartz surface in liquid phase. The sealing of fractures could be occurring effectively
by quartz precipitation via nucleation at the permeable-impermeable boundary in the supercritical conditions of water rather than
quartz growth at the shallower permeable zone.

Quartz and minor chalcedony form throughout the entire reaction vessel and that the impurities (Al, Na, and K) in the solutions
inhibit the precipitation of opal and enhance the direct nucleation of quartz (Okamoto et al. 2010). The formation of Na-Al and Na-
Al-Si complexing in solutions (Newton and Manning 2008) may be associated with quartz nucleation. In this study, the
observations of Al and Na concentrations in the solutions and the precipitates suggested that the presence of Al** and Na™ in
solution could be one of the factors to reduce the energetic barrier of quartz nucleation. In addition, the increase of precipitation rate
with increasing of Al concentration in the solution correlated to the change of precipitates of silica minerals from amorphous silica
to quartz. Based on the observation that solubility of quartz is lower than that of amorphous silica in the same PT conditions, the
amount of precipitates of quartz could be larger than that of amorphous silica in the solutions of the same Si concentration. Thus,
the concentration of minor components in the solution is one of the important factors to control not only the phase of the
precipitates of silica polymorphs but also the amount of them. The permeable-impermeable boundary of the Kakkonda geothermal
field is in Kakkonda granite (Fig. 1), which leads the fluid at the boundary to include Si and minor components such as Al, Na, and
K, as similar to that in the experiments of this study. The rapid precipitation of quartz via nucleation could affect to sealing of
fractures and the formation of the permeable-impermeable boundary.

The permeable-impermeable boundary of the well WD-1a is at 380 °C and 24 MPa, in the supercritical conditions of water. A drop
in quartz solubility can be led by the downwords fluid flow, which is from the liquid region (higher density) into the supercritical
region (lower density). The results of the calculation of quartz solubility and that of the precipitation experiments show that, at the
permeable-impermeable boundary, high SiO, concentration in the solution and large amount of quartz precipitation via nucleation
could be led by the phase change of H,O and by minor components in the solution of supercritical conditions of water instead of the
fluid pressure fluctuation. In the Kakkonda geothermal field, the evidences of significant formations of quartz veins are not clear in
the core samples from around the hydrological boundary. However, in The Geysers geothermal field, the United States, abundant
quartz vein was observed in a relatively impermeable barrier at 3.5-3.6 km depth at higher than 350-370 °C (Fournier 1991). Based
on the correspondence of the conditions of the impermeable barrier between The Geysers and the Kakkonda geothermal fields, if
quartz veins in the Kakkonda geothermal field are there, these would be missed by chance, or quartz creep affects the bottoming
permeability as well as quartz precipitation (Fournier 1999).

In the field of high geothermal gradient (>~50 °C/km), the quartz solubility has a local maximum and minimum values in the range
of the typical temperature of the BPT (300450 °C) (Saishu et al. 2014). The compositions of the crustal fluid at the BPT could be
similar to that of the experiments in this study because dissolution of granite is one of the common reactions in the continental
crust. Precipitation of quartz via nucleation could lead the sealing of fractures around the hydrological boundary and the controlling
depth of the BPT, especially in the geothermal systems.

6. CONCLUSIONS

The Kakkonda geothermal field has a deep well WD-1a that penetrated the permeable-impermeable boundary, which is in the
supercritical conditions of water (380 °C and 24 MPa). The calculation of quartz solubility at the Kakkonda geothermal field
showed that (1) dissolution of quartz is a dominant reaction at around 2 km depth where the density of the fluid-filled fractures is
high, and that (2) the depth of precipitation-dominant of quartz corresponds to that of the permeable-impermeable boundary. The
hydrothermal flow-through experiments of silica precipitation revealed that (1) silica precipitation via nucleation occurs only in the
supercritical conditions of water (>400 °C and 24 MPa), and (2) with increasing of Al concentration in the solutions, precipitates
changes from amorphous silica to quartz and precipitation rate of silica minerals increases. These results suggest that the rapid and
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large amount of silica precipitation could seal fractures and control the depth of the permeable-impermeable boundary within the
Earth’s crust, especially in the geothermal fields.
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