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ABSTRACT

The occurrences of silica deposits (quartz veins, silica sinters, silica scales) suggest that precipitation via
nucleation and overgrowth on pre-existing mineral surfaces occurs under crustal conditions. We conducted hydrothermal
flow-through experiments on silica precipitation using no mineral substrate at 120-430 °C and 31 MPa for understanding
the effects of the aluminum on the mineralogy and for deriving rate of the nucleation-controlled precipitation of silica
minerals. The dominant silica mineral changes systematically as amorphous silica — cristobalite — quartz with increasing
Al concentration, Cyj, from 0.0 to 6.7 ppm. The nucleation-controlled precipitation is expressed by a third-order rate
equation, and its rate constant depends on Cy; and temperature, with an activation energy of 89.6 kJ/mol (Ca; = 0 ppm). The
overall rate equation for silica precipitation is written as the summation of rates of surface-controlled and nucleation-
controlled precipitation. This rate predicts that the dominant precipitation mechanism changes from surface-controlled to
nucleation-controlled precipitation with increasing temperature, degree of supersaturation ratio and fracture aperture. This
result provides useful constraints on interpretations of the formation of scales in pipelines at geothermal power plants.
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1. INTRODUCTION

Silica precipitation occurs ubiquitously under crustal conditions in various ways, including the formation of
quartz veins in the upper and mid crust and the formation of scales at geothermal power plants. The kinetics of
dissolution/precipitation of silica minerals affect to temporal and spatial variations in the hydrological and rheological
properties of the Earth’s crust.

The rate equation of surface-controlled reaction (dissolution and precipitation) of a silica mineral is as follows
(Rimstidt and Barnes, 1980):

dCsi/dt = ks (4; /M) (Csijeq — Csi), (N

where Cs;, Csijeq, ks, 4i, M, and ¢ are the concentration of Si in the solution (ppm), the solubility of silica mineral i, the
dissolution or precipitation rate constant, the surface area of silica mineral 7, the mass of water in the system, and time,
respectively. However, the natural occurrences of various veins suggest that surface-controlled reactions are not always the
dominant precipitation mechanism. In addition, minor components in solutions influence the mineralogy and rate of
precipitation of silica minerals. Especially, aluminum is one of the main elements in the crust, and is commonly
incorporated into quartz and other silica minerals that form under hydrothermal conditions (Miyoshi et al., 2005; Jourdan et
al., 2009).

In this study, we conducted hydrothermal flow-through experiments on silica precipitation from solutions with
higher Si concentrations. The objective of this study is to (1) clarify the systematic change in the mineralogy of the
precipitating silica phase with increasing Al concentration in solution, (2) obtain the rate of nucleation-controlled
precipitation of silica minerals, including the effects of temperature and Al concentration in the solution, and (3) obtain the
overall rate equation involving the surface-reaction-controlled and nucleation-controlled precipitation of silica minerals.
Then we discuss the implications of the dominant precipitation mechanism and the interpretation of the formation of scales
in pipelines at geothermal power plants.

2. PREVIOUS WORKS

Some types of quartz veins are interpreted to form as the result of continuous nucleation and growth in fluid
(Bons, 2000; Okamoto et al., 2008; Okamoto and Tsuchiya, 2009). Okamoto et al. (2010) showed that both overgrowths on
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quartz in the granite and the nucleation of quartz and other silica polymorphs occurred from the solution of Si concentration
higher than the solubility of amorphous silica, and that the dominant silica minerals were opal-A (amorphous silica)
precipitated from a single-component solution (only Si) and quartz precipitated from a multi-component solution (Si with
minor Al, Na, and K).

3. METHODS

The apparatus of hydrothermal flow-through experiments was similar to that used by Okamoto et al. (2010),
consisting of three vessels: the Ry and R; were for preparing the input solutions, and the R, was for precipitation at 31 + 1
MPa (Fig. 1). The high-Si solution was prepared by the dissolution of quartz sand in the R; vessel at 360 °C. The solution
was supersaturated with respect to quartz when it was brought into the R, vessel at 430 °C, due to the silica solubility
(Fournier and Potter, 1982; Tsuchiya and Hirano, 2007). In the R, vessel, we did not set any substrate comprising silica
minerals.

To clarify the Al-effect to precipitation of silica minerals, the Al content of the input solution was controlled by
the dissolution of albite sand in the Ry vessel at 160-330 °C. The flow rate was 2.0 + 0.5 g/min. The concentrations of Si,
Al, and Na in the solutions were determined by ICP-AES. The experiment durations were from 76 to 113 hours. The
precipitated materials on the tube wall at each segment were identified by XRD.

To obtain the precipitation rate in the absence of a substrate, we assume nth-order reactions for the precipitation
rate of silica via nucleation, as follows:

dCsi/dt = kp (Csiqueq— Csi)'s  (2)

where kp is the reaction rate constant of the precipitation of silica minerals in fluids, and # is the reaction rate order. The
reaction order of silica precipitation, n, was determined by the integral method. The condition of precipitation experiments
was 430 °C, 31 MPa and various residence times, 5.2—-31.5 minutes. The input solutions were prepared by the dissolution of
silica glass in the R, vessel at 360 °C without the addition of minor components, and the R, vessel contained no substrate of
silica minerals (Fig. 1).

The temperature dependency of kp was determined from precipitation experiments in the temperature range of
120-430 °C at 31 MPa. The experimental system was the same as that used in the estimates of the reaction order. The flow
rate was set to 0.5 + 0.2 g/min.

4. RESULTS OF EXPERIMENTS

In the experiment of Al-effect, the Si concentration in the input solutions ranged from 268 to 375 ppm, the
supersaturation ratio with respect to the solubility of quartz, Q = Csi/Cs;i gueq, Of 2.5-3.8. The Al and Na concentration in
input solutions were Cp; = 0.0-6.7 ppm and Cy, = 0.0-8.2 ppm, respectively. The Si concentration in the output solution
essentially decreased from the solubility of amorphous silica (180 ppm), to cristobalite (150 ppm) and then quartz (98 ppm)
with increasing of Cy;, from < 1 ppm, to Cs = 1-3 ppm and C,; > 3 ppm, respectively. Amorphous silica precipitated
dominantly in the experiment with low Cjy (Fig. 2a) and quartz was observably dominant in the experiments with high Cy,
(Fig. 2b). XRD profile of precipitation shows that only amorphous silica precipitated from the solution of Cy; = 0.0-0.4
ppm, cristobalite was the dominant crystalline precipitated material in the experiment with C,; = 1.4-3.0 ppm, quartz was
observed in the experiments with Ca; = 5.6 and 6.7 ppm, and albite precipitated only from the solution of Cy; = 6.7 ppm.

In the experiment of the nucleation-controlled precipitation rate, the amount of silica precipitation increased with
increasing residence time. The four cases of n = 14 were tested for the experimental results. The regression curve was best
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Fig. 1 Schematic illustration showing the basic construction of experimental apparatus for the hydrothermal flow-through

58



Proceedings of the 9th Asian Geothermal Symposium, 7-9 November 2011

experiment.

fitted in the case of the third-order reaction. The logarithmic values of the precipitation rate constant, log kp, were calculated
by using the third-order rate equation. Log kp increased linearly from —7.2 to —4.2 (kp = 6.3 x 10™ to 5.7 x 107 sec) with
increasing Cy; in the input solution from 0.0 to 6.7 ppm. Arrhenius plot for the precipitation rate constant from the solution
(Ca1 = 0 ppm) show high temperature dependency, with activation energy of 89.6 kJ/mol, which was higher than the
activation energy of surface-controlled precipitation rate constant, 50.5 kJ/mol, reported by Okamoto et al. (2010). Thus,
the dependency of log kp on temperature, T (K), and Cy; (ppm) is written as follows:

logkp =-0.10-4679/T + 0.36 x CAI' (3)

When silica is precipitated in fractures and pores in crustal rocks, the surface growth of pre-existing quartz
surfaces occurs simultaneously with precipitation via nucleation and growth. By combining Eq. 1 (first-order) and Eq. 2 of
n =3 (third-order), the overall rate equation of silica precipitation is empirically expressed as follows:

dCs; /dt = ks (Aqu/M) (Csiqu.eq— Csi) + ke (Csigueq— Csi)- 4)

5. DISCUSSION

Eq.4 includes the relative contributions of surface reactions and nucleation processes to the overall rate of silica
precipitation and is useful to consider the texture of precipitation of silica minerals. The boundary between the regions
dominated by surface growth and by nucleation was calculated by using Eq.4 and indicates that the dominant precipitation
mechanism depends on the supersaturation ratio, the Aq.,/M ratio, temperature, and the Al concentration, because the
reaction rate constants are functions of temperature and the Al concentration in solution. In addition, we considered a
fracture composed of parallel plates with an aperture w, the Aq,/M ratio is rewritten by the areal proportion of quartz on the
surfaces of the rock fracture, ¢ (in the range from 0 to 1), and the specific volume of water (cm*/g). The boundary between
the surface-reaction-controlled and nucleation-controlled regions always shows a downward concave curve in Q-7 space
which calculated under conditions of a geothermal gradient 30 °C/km and ¢ = 0.3. Nucleation-controlled precipitation is
dominant at higher temperatures and in regions of higher supersaturation. This trend is consistent with that the energy
barrier of nucleation becomes greater at lower temperatures and at lower degrees of supersaturation. The region of surface-
reaction-controlled precipitation becomes wider with decreasing fracture width, because of an increase in the 4q,/M ratio,
and the region of nucleation-controlled precipitation becomes wider with increasing Al concentration in solution because of
the Al-dependency of kp (Eq. 3).

The mechanism of silica precipitation (surface-controlled vs. nucleation-controlled) is recorded as the textures of
quartz veins. Blocky veins are generally thicker than other types of veins (e.g. elongate-blocky) and indicative of the
nucleation-controlled precipitation of quartz. Okamoto et al. (2008) reported that a systematic change in the texture of veins

Fig. 2 The optical photomicrograph of products precipitated (a) at 24 cm from the inlet in the experiment with Cy; = 1.4
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ppm and (b) at 9 cm from the inlet in the experiment with Cy; = 6.7 ppm.

is from stretched crystal to elongate-blocky and finally blocky, consistent with the overall rate equations obtained in this
study. The supersaturation ratio is higher than 5 in the case of silica precipitating via nucleation processes at 100 °C which
is temperature of formation of silica sinters. High Si concentration is possible when fluid ascends from the deep crust, given
the low precipitation rate at low temperatures. The formation of silica scales in pipelines of geothermal power plants is
consistent with the results of our experiments without rock substrates. The rate equation obtained in this study will be
useful in predicting the mineralogy and rate of formation of amorphous silica.

6. SUMMARY
We performed the hydrothermal flow-through experiments and investigated the effect of Al concentration in
solution on the mineralogy and rate of nucleation-controlled precipitation of silica minerals as follows:

1. The dominant precipitation of silica minerals from Si-supersaturated solutions change systematically with increasing Cp,
in the order of amorphous silica (Ca; = 0.0—1.0 ppm), cristobalite (Ca; = 1.0-3.0 ppm), and quartz (Cx; = 5.0-6.7 ppm).

2. The rate of nucleation-controlled precipitation of silica minerals in fluids is empirically expressed as a third-order rate
equation, with a supersaturation ratio defined with respect to quartz. The rate constants, k,, show a high temperature-
dependency, with an activation energy of 89.6 kJ/mol (Cy; = 0 ppm), and C,; dependency so that k, is written as follows:
log k, = —0.10 — 4679/T (K) + 0.36 X Cx; (ppm).

3. The overall rate equation for silica precipitation is obtained as the sum of the contributions of surface growth (first-order
reaction) and nucleation + growth (third-order reaction).

4. The dominant mechanism of silica precipitation (surface growth vs. nucleation) in a fracture within crustal rocks depends
on temperature, supersaturation ratio, Al concentration in solution, fracture aperture, and the host rock type. Surface
growth is predominant under lower temperatures, lower degrees of supersaturation, and in narrower fractures. The
precipitation mechanism map is useful for constraining the physico-chemical properties of fluid-filled fractures under
crustal conditions.

REFERENCES
Bons P. D. (2000) The formation of veins and their microstructures. J. Virtual Explorer 2.

Fournier R. O. and Potter R. W. II (1982) An equation correlating the solubility of quartz in water from 25 °C to 90 °C up
to 10,000 bars. Geochim. Cosmochim. Acta 46, 1969—1979.

Jourdan A. L., Vennemann T. W., Mullis L., Ramseyer K. and Spiers C. J. (2009) Evidence of growth and sector zoning in
hydrothermal quartz from Alpine veins. Eur. J. Mineral. 21, 219-231.

Miyoshi N., Yamaguchi Y. and Makino K. (2005) Successive zoning of Al and H in hydrothermal vein quartz. Am.
Mineral. 90, 310-315.

Okamoto A. and Tsuchiya N. (2009) Velocity of vertical fluid ascent within vein-forming fractures. Geology 37, 563-566.

Okamoto A., Kikuchi T. and Tsuchiya N. (2008) Mineral distribution within polymineralic veins in the Sanbagawa belt,
Japan: implications for mass transfer during vein formation. Contrib. Mineral. Petrol. 156, 323-336.

Okamoto A., Saishu H., Hirano N. and Tsuchiya N. (2010) Mineralogical and textural variation of silica minerals in
hydrothermal flow-through experiments: Implications for quartz vein formation. Geochim. Cosmochim. Acta 74, 3692—
3706.

Rimstidt J. D. and Barnes H. D. (1980) The kinetics of silica—water reactions. Geochim. Cosmochim. Acta 44, 1683—1699.

Tsuchiya N. and Hirano N. (2007) Chemical reaction diversity of geofluids revealed by hydrothermal experiments under
sub- and supercritical states. Island Arc 16, 6-15.

60




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


