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Estimation of saturation index for the precipitation of secondary minerals

during water—rock interaction in granite terrains
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Abstract: The precipitation of secondary minerals not only controls the evolution of components in groundwater, but
also has a significant influence on the migration and retardation of radionuclide in water—rock systems. Under
ambient conditions, however, a driving force of oversaturation is required to break the nucleation barrier for the
precipitation and growth of secondary minerals, and different degrees of over-saturation are required for the
precipitation of different secondary minerals. In this study, saturation indices ( SI) for the precipitation of various
minerals that would form as secondary phases under ambient conditions, are estimated by using the geochemical
simulation software of PHREEQC 2. 15 and the database of llnl. dat based on the geological and hydro—geochemical
data from Japanese and Canadian granite regions. The results indicates that calcite is subjected to dissolution and
precipitation due to its strong chemical activity, and is expected to precipitate at SI=0.5. Goethite is considered to
be a Fe sink in groundwater, the calculated S/ value is closely associated with the pe value, and precipitates at
SI=4.0+0.5. Combined with thermodynamic constrains on secondary clay minerals, the SI values for the
precipitation of kaolinite, illite, Ca-montmorillonite and Na-montmorillonite are estimated to be 4.0 0.5, 4.5 =
0.5,4.3+£0.5 and 4.3 £0. 5, respectively.
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1
Table 1  Saturation index of secondary minerals in granite groundwater
(m) pH pe (c)
MIU n
DH-15 236.8 8.90 -2.70 23.7 -0.48 -1.30 3.30 4.03 3.83 4.25 3.80
DH-15 449.9 8.70 -1.40 22.5 -1.33 -3.41 2.96 3.39 3.24 3.71 3.79
DH-15 587.8 8.20 -2.00 22.7 -1.24 -2.90 3.79 3.81 3.65 2.30 4.00
DH-15 773.3 8.40 -1.10 18.4 -1.14 -3.72 3.55 4.20 3.96 3.22 4.13
DH-15 945.3 8. 10 -1.60 2.3 6. 04 6.25 6. 09 1.20 6.73
DH-15 995.3 8.50 -1.60 23.1 -0.79 3.43 2.99 3.55 3.31 3.44 3.43
MIZ- 114.7 9.20 -1.20 19.6 -0.52 -2.48 2.78 3.88 3.70 4. 66 3.35
MIZ-1 220.3 8.90 -4.80 22.3 -0.67 -1.04 4.89 4.75 4.53 2.14 5.42
MIZ-1 589.0 8.90 -1.00 17.5 -0.61 -3.24 1.38 2.21 2.04 3.81 1.50
MIZ-1 687.5 8.70 -0.40 23.4 3.00 3.56 3.33 4.26 2.85
Nojima 2
1996 630 ~ 650 7.80 13.00 25.0 0. 60 0.25 6.67
2000 630 ~ 650 7.57 13.00 25.0 0.46 -0.98 5.69
Tono @

DH-4 186 6. 80 -5.07 25.0 1.68 0.83 0.33 -2.08 0.48
DH-3 208 9.70 -5.07 25.0 0.51 -1.22 -0.77 1.18 0.63 3.22 0.37
DH-3 330 8.90 -5.07 25.0 -0.38 -0.97 1. 61 3.24 2.76 1. 86 2.34

DH-3 486 9.70 -5.07 25.0 0.13 -1.05 -1.83 -1.19 -1.58 3.55 -1.85

DH-3 644 9. 60 -5.07 25.0 -0.07 -1.09 -0.83 0.41 -0.16 3.03 -0.41
DH-3 790 9.00 -5.07 25.0 -0.46 -1.33 0.31 0.99 0.73 1.45 0.41
DH-3 840 9.30 -5.07 25.0 -0.37 -1.24 -0.11 0.93 0.70 2.24 0.12

(Manitoba )@

MIA-3-7 265 8.40 0.56 8.2 0.31 -0.55 3.72 3.94 3.85 5.14 4.05
MI1B-2-3 75 7. 60 0.99 5.8 -0.19 -1.81 5.87 5.86 5.50 2.43 6.19
M2A-3-4 310 8.45 1.07 8.9 0.41 -1.91 4.12 5.11 4.92 4.23 4.95
M2B-2-5 150 7. 60 0.72 6.6 -0.04 -0.85 5.23 5.35 5.05 3.09 5.37
M3A-3-4 375 8.47 -0.27 9.7 0.79 -0.50 3.02 3.39 3.44 5.15 3.41
M3B-2-1 120 6. 60 4.00 6.4 -1.75 -0.47 4.14 3.16 2.65 5.32 2.79
M4A-1-15 180 8.20 4.00 7.2 -0.12 -3.78 4.36 4.51 4.41 4.71 4.54
M4A-22 215 8.20 4.00 7.6 -0.52 -4.41 2.50 0.72 0.63 4.33 1.20
M4A-3-7 260 8. 10 4.00 8.2 -0.37 -3.74 4.38 4.34 4.27 4.75 4.46
M4A-4-6 310 8.33 -0.45 8.9 0.44 0.12 3.66 3.24 3.19 5.07 3. 64
M5A-3 165 8.30 4.00 7.0 -0.12 -4.30 3.56 2.86 2.90 4.69 2.39
M5A-IN8 340 7.90 -0.54 9.3 0.40 -1.69 5.61 5.77 5.70 2.80 6.20
M5A-IN9 120 8. 80 0.34 6.4 0.32 -1.51 3.28 4.03 3.97 4.62 4.11
M6-2-5 110 8.30 0.27 6.2 0.25 -1.30 4.07 4.13 3.91 3.64 4.41
M7-72-DH 72 7.90 4.05 5.7 0.42 5.31 5.54 5.29 5.85
M7-4-11 390 7.50 -0.89 9.9 -0.08 -1.50 4.60 4.60 4.53 2.27 4.69
M8-10 140 8.40 4.00 6.6 0.18 -4.44 4.43 5.25 5.00 4.58 5.06
M8-3-7 360 8. 10 0. 89 9.5 -0.10 0. 04 4.71 5.10 4.94 5.38 5.05
M9-3-3 230 7.00 4.00 7.8 -1.14 -2.55 4.87 4.03 3.76 3.73 4.05
M10-1-7 50 7.50 4.00 5.5 -0.56 -2.47 5.50 4.93 4.73 4.70 5.34
M10-32 410 7.97 -0.09 10.2 0. 40 -0.82 3.62 3.21 3.13 4.30 3.49
M11-2-12 140 8.20 4.00 6.6 0.21 -4.20 3.25 2.26 2.06 4.28 2.71
M11-3-4 290 6.90 4.00 8.6 -0.51 -1.52 1.78 1.24 1.19 4.52 0.45
M12-93-DH 93 7.79 -0.72 6.0 -0.34 -1.06 5.28 4.83 4.70 1.85 5.44
M12-159-18DH 169 8. 10 -0.09 6.9 -0.37 -0.90 4.60 4.34 4.29 3.26 4.52
MI12-171-15DH 171 9.30 4.00 7.0 0.18 -5.89 2.30 3.36 3.41 4.84 3.03
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( 1)
(m) pH pe (c)
M13-2-5 250 8. 60 -0.81 8.1 0.36 -0.68 3.67 4.08 4.10 4. 81 4.37
M14-14 50 8.25 4.00 5.5 0.14 -4.32 4.54 4.78 4. 64 4.24 5.06
M14-2-13 105 8.30 4.00 6.2 0.14 -4.10 4.79 5.50 5.42 4. 66 5.74
M14-4-4 370 8.30 -0.27 9.7 0.70 -0.63 4.48 5.60 5.53 5.24 5.53
URL1-4-24 110 8.20 4.00 6.2 0.19 -2.94 4.72 5.23 4.78 5.73 5.40
URL1-8-6 320 8. 00 4.00 9.0 -0.34 -3.46 4.59 4.42 4.36 4.78 4.58
URL2-10 120 7. 80 4.00 6.4 -0.13
URL2-112 780 7. 00 4.00 15.1 0. 14 -0.96 5.00 4.16 3.74 6.48 4.21
URL3-5-1 120 9.05 2.16 6.4 0. 00 -4.30 2.13 2.24 2.34 4. 18 2.19
URL3-69 140 9.18 4.00 6.6 0.94 -5.68 2.75 4.43 4.28 4.86 4. 18
URL4-5-10 65 7.14 3.53 5.6 -0.81 -0.79 5.58 5.05 4.75 5.19 5.28
URL54-43 100 8. 40 4.00 6.1 -0.13 4.32 4.74 4.74 5.01
URL6-25 270 8. 10 4.00 8.3 -0.18 -3.22 4.55 4.75 4.76 5.35 5.12
URL7-24 60 8.40 4.00 5.6 0.42 4.57 5.55 5.19 5.55
URL8-3-5 70 8. 40 4.00 5.7 0.65 -4.23 4.39 5.26 4.85 4. 64 5.30
URL8-7-6 230 8.30 2.87 7.8 0.29 -2.14 4.49 5.23 5.06 5.49 5.26
URL9-6-22 110 8.50 4.00 6.2 0.33 -4.49 3.93 4.56 4.38 4. 65 4.63
URL10-3=2 80 7.97 2.62 5.8 0. 07 -1.74 5.36 5.78 5.40 4.99 5.97
URL10-6-7 250 8.28 1.43 8.1 0.32 -1.28 4.41 5.05 4.96 4.97 5.16
URL113-1 45 8. 10 4.00 5.4 0.32 -4.12 5.13 5.67 5.16 4.23 5.84
URL11-749 135 6. 40 4.00 6.6 -1.88 -2.27 -0.85 -1.33 -1.52 2.96 -3.16
URL12-10-19 390 7.95 2.49 9.9 -0.05 -2.68 5.27 5.00 5.01 4. 64 5.47
URL12-11-13 430 7. 80 1. 69 10. 4 -0.24 -0.64 5.01 5.05 4.85 5.18 5.36
URL12-13-21 605 7.23 3.08 12. 8 -0.30 -2.41 5.31 5.08 4.90 5.47
URL14-8 280 8. 04 0.98 8.5 -0.07 -1.72 4.24 4.37 4.42 4. 84 4.56
URL15-14 125 8. 14 -0.90 6.4 0.09 0. 04 -4.12 -2.25 -2.29 3.56 -4.68
URL16-4-1 85 7. 00 4.00 5.9 -1.02 -2.63 3.19 2.43 2.18 3.64 2.25
WAI-13 150 7.35 4.00 6.8 -0.68 -2.98 4. 60 2.78 2.26 4. 14 3.83
WAI2-8 240 8.23 -1.34 8.0 0.58 0. 82 4. 46 5.12 4.74 4. 04 5.35
WAI3-8 320 7. 80 0.18 9.0 0.15 0.43 5.23 5.34 5.14 4.26 5. 60
WA1-5-49 630 8. 60 -2.20 13.1 1.17 0.29 3.43 4.34 4.23 4. 68 4.57
WBI1-1-5 130 8. 10 5.04 6.5 0.39 -4.62 4.91 5.38 5.17 4. 68 5.69
WB1-2-6 230 8. 40 -1.26 7.8 0.58 0.31 4.04 4.84 4.76 4.20 5.04
WB1-4-SW10 540 6.50 4.00 11.9 -1.80 -2.43 -0.34 -2.76 -2.58 4.34 -3.01
WB1-5-21 630 8.45 -3.96 13.1 0.78 -0.33 1. 09 0.41 0. 40 2.48 0. 82
WB1-7-7 1000 8. 81 -2.60 17.9 1.05 -0.83 -0.85 -1.52 -1.42 4. 66 -1.26
WB2-134 300 8.70 4.00 8.8 0.25 -5.82 3.04 3.91 3.91 4.74 3.74
WB2-20-12 725 8.58 -0.18 14.9 1.26 -1.57 2.00 2.96 2.93 5.41 2.78
WDI1-1102 100 8.54 -0.99 6.1 0.29 -0.81 4.18 5.04 4.92 3.33 5.05
WD2-72-5 65 7.27 1.72 5.6 -0.65 -1.59 5.67 5.20 4.98 2.74 5.54
WD3-895-10 810 7.50 -2.27 15.4 0.28 -1.25 5.56 5.02 4.92 5. 66
WG22-8 130 8.30 0.72 6.5 0.07 0.21 5.81 6.16 6.01 5.64 6.75
WN1-8-17 380 7.42 2.32 9.8 0.19 -1.72 5.52 5.45 5.42 4.32 5.85
WN3-90 90 7. 80 1.99 6.0 -0.09 4.87 4.55 4.48 5.02
WN4-6-8 370 7.49 1. 69 9.7 0.24 -1.52 5.08 5.03 4.99 4.12 5.39
WN4-13-20 650 8. 15 -1.06 13.2 0. 44 -2.1 4.36 4.42 4.49 2.93 4.93
WN8-T4 315 7.55 2.06 8.9 0.25 -1.38 4.86 4.86 4.82 4.54 5.05
WN10-34 245 7.85 4.00 8.0 0.14 -1.17 5.64 5.54 5.53 6.18
WN104-3 320 8.70 -0.98 9.0 0. 88 0.16 3.94 4.67 4. 65 5.89 5.10
WNI1-17-15 1000 8. 06 -0.95 17.9 0.70 -1.67 2.71 3.01 3.07 3.38 3.12
(1) MIUM™: (2) Nojima 131.(3) Tono 14l (4) (Manitoba

yust,
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Table 2 Saturation index calculated by measured Eh and oxidation-reduction equilibrium of Fe(3) /Fe(2)
Eh N Fe(3) /Fe(2) N
(m) pe( ) pe(Fe(3) /Fe(2))
M2B2-5 150 0.72 -0.85 3.09 1.63 -0.87 3.98
M3A-3-4 375 -0.27 -0.50 5.15 0. 66 -0.88 5.70
M4A-4-6 310 -0.45 0.12 5.07 0. 06 0. 06 5.52
M7-4-11 390 -0.89 -1.50 2.27 3.98 -2.27 6.37
M10-32 410 -0.09 -0.82 4.30 0.45 -0.83 4.83
URL4-5-10 65 3.53 -0.79 5.19 3.39 -0.77 5.07
URL10-3-2 80 2.62 -1.74 4.99 1.40 -1.07 4.43
URL12-10-19 390 2.49 -2.68 4. 64 2.28 -2.51 4. 60
URL12-11-13 430 1. 69 -0.64 5.18 0.55 -0.55 4. 14
URL14-8 280 0.98 -1.72 4. 84 0.13 -1.64 4. 06
WAI2-8 240 -1.34 0. 82 4.04 0. 84 0. 68 6.08
WA13-8 320 0.18 0.43 4.26 2.10 0.29 6. 04
WA1-5-7 630 -2.20 0.29 4. 68 -0.78 0.21 6.03
WB12-6 230 -1.26 0.31 4.20 -0.64 0.30 4. 80
WB1-7-7 1000 -2.60 -0.83 4. 66 -0.26 -1.35 6.48
WD1-1102 100 -0.99 -0.81 3.33 -0.32 -0.87 3.94
WG22-8 130 0.72 0.21 5.64 1.24 -0.03 5.92
WN4-6-8 370 1. 69 -1.52 4.12 3.11 -1.72 5.33
WN8-T4 315 2.06 -1.38 4.54 1.57 -1.35 4.07
WN104-3 320 -0.98 0.16 5.89 -2.61 0.24 4.34
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Fig. 2 Phase diagram showing the relationship among kaolinite, Ca-montmorillonite and Na-montmorillonite

Solid phase boundary lines are calculated based on thermodynamic data, and dashed boundary lines are adjusted using

the saturation indices for the precipitation of respective minerals.
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Solid phase boundary lines are calculated based on thermodynamic data, and dashed boundary lines are adjusted using

the saturation indices for the precipitation of respective minerals.
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