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ABSTRACT

A study has been conducted to determ;ne whether thermally induced,
host-rock mineral dissolution and precipitation processes could decrease the
isolation capability of a potential high-level nuclear waste repository in
tuff by significantly altering the permeability of the formation.
Conservative assumptions were used that maximized the predicted quantity of
rock dissolution and precipitation. Porosity changes were calculated as a
function of time, depth, emplaced waste power density, and water flux for both
matrix and fracture flow. Cumulative porosity changes were shown to be very
small, and net decreases in porosity were shown to occur only in the vicinity
of the repository horizon if the groundwater vaporizes. The differences in
permeability for both matrix and fracture flow resulting from these small
cumulative porosity changes should have no significant effect on the overall

hydrologic patterns at the site at Yucca Mountain, Nevada.
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INTRODUCTION

The Nevada Nuclear Waste Storage Investigations (NNWSI) project is
studying the feasibility of locating a licensed repository for high-level
radioactive waste on or near the Nevada Test Site (NTS) in southern Nevada.
Currently, the project is evaluating a tuff site in the unsaturated zone at
Yucca Mountain in and near the southwest part of the NTS.

The task of assessing the performance of the overall waste-isolation
system at Yucca Mountain is being performed at Sandia National Laboratories.
One initial function of this performance assessment effort is to participate
in the determination of whether the proposed site satisfies the
isolation-related DOE siting guidelines. A potentially adverse condition in
the Rock Characteristics section of the Siting Guidelines (960.4-2-3) is the
following (U.S. Department of Energy, 1984):

"“A combination of geologic structure, geochemical and thermal
properties, and hydrologic conditions in the host rock and
surrounding units such that the heat generated by the waste could
significantly decrease the isolation provided by the host rock as

compared with the pre-waste emplacement conditions.™

In the analysis of this condition, several potential heat-related effects on
the isolation characteristics of the host rock were identified and studied.
One of these effects is permeability change due to host-rock dissolution and
precipitation processes. Although it was recognized that the minerals
composing the tuff have very limited solubilities in groundwater and that
evidence of significant aqueous dissolution is not present in this region
(Heiken and Bevier, 1979), the potential exists for altering the permeability
because of a small quantity of thermally-induced rock dissolution and
deposition. The results of an investigation of this potenfial hydrological

alteration are presented in this report.



The portion of Yucca Mountain that lies in the unsaturated zone
(approximately the top 500-600 m) consists of alternating layers of densely
welded and nonwelded tuff. As a basis for this analysis, the repository
horizon was assumed to be at a constant depth below the surface of 390 m.

This hypothetical repository would be contained in a thick ash-flow section of
the Topopah Spring unit that is densely welded, relatively nonporous, highly
fractured, and highly transmissive. Below this layer is a relatively thin,
densely welded vitric layer, underlain by a thick interval of nonwelded,
highly porous, but relatively unfractured and nontransmissive argillic and
.zeolitic bedded and ash-flow tuffs.

Recent water-flow studies conducted at Sandia have shown that water
probably flows through the pores of the densely welded tuff layer at very low
fluxes (less than 1 mm/yr), and that, primarily because of the presence'of
fractures, the bulk permeability of the various tuff layers is higher than the
water flux (Peters and Gauthier, 1984). It is important to note that, if
matrix flow occurs at 0.5 mm/yr, the groundwater will only travel through
approximately 40 m of the Topopah Spring unit in 10,000 yr. Thus, although
water flow is explicitly treated in this study, the flow is actually almost
negligible.

The heating and subsequent cooling of groundwater as it percolates
vertically down through the host rock and past the radioactive waste could
induce host-rock dissolution and precipitation, which, in turn, could change
the local permeability of the tuff layers. Currently, the magnitude of either
increases or decreases in permeability which would adversely affect isolation
have not been identified. Since the transmissivity of the tuff layers appears
to be sufficient to allow all of the incoming water to flow through without
saturating the formation, any net rock dissolution would only further increase
the transmissivity and thus should have a negligible impact on water flow
characteristics. However, decreases in permeability due to mineral
precipitation could potentially affect the isolation characteristics of the
host rock by causing the rock to saturate. Saturation of the rock could
increase the quantity and contact time of water with the waste package and
could induce fracture flow. These two changes could potentially increase

radionuclide release rates from the waste package and decrease radionuclide



travel time. After consideration of these factors, the most important aspect
of this study was to determine whether any significant decreases in

permeability could occur.

APPROACH

A precise determination of the quantity of rock that would dissolve, be
transported, and subsequently precipitate would require detailed knowledge of
temperature distributions, groundwater chemistry, groundwater flow
characteristics, and reaction kinetics of all the relevant minerals. Since
such detailed information is not available, the approach used in this study
was to bound the effect on permeability by using assumptions that lead to
conservatively high estimates of matrix and fracture porosity changes. These
porosity change predictions can then be used to calculate new matrix and
fracture permeabilities. 1In the remainder of this section, the types and
sources of information used in this conservative study are given along with
any required justification. This information has been divided into three
subsections: 1) identification of the controlling mineralogy, 2) environmental

effects on amorphous silica solubility, and 3) temperature distribution.

Identification of the Controlling Mineralogy

As presently envisioned, the repository at Yucca Mountain would be
constructed in the lower part of the thick (43 to 190 m) densely welded part
of the Topopah Spring Member of the Paintbrush Tuff (Unit IIB in Figure 1).
This unit is composed primarily of alkali and plagioclase feldspars and
several forms of silica which include quartz, cristobalite, and tridymite.
Minor mineralogic constituents include mica, clay, and Fe-Ti oxides. Detailed
descriptions of the mineralogy are contained in Heiken and Bevier, 1979; Sykes
et al., 1979; Carroll et al., 1981; Bish et al., 1982; Broxton et al., 1982;
and Caporuscio et al., 1982,

The analysis of the dissolution and precipitation of minerals contained
within Yucca Mountain was simplified by assuming that the groundwater always
maintains saturation with respect to amorphous silica. That is, the quantity
of mate;ial transferred between the groundwater and the rock can be followed
by calculating thermally-induced changes in amorphous silica solubility. This

approach is justified for the following reasons:
|



Thickness

of
Stratigraphic
Stratigraphic Functional Unit
Unit Unit? (m)
Tiva Canyon 1A2 0->129
Yucca Mountain
& Pah Canyon 1B 0-110
HA
Topopah | ﬁ
Spring 301-360
{IB
Repository |
Horizon
Calico
Hills 45-289
1 — See Nimick (1984)
Figure 1. Comparison of stratigraphic and functional units in

tuffs in the unsaturated zone at Yucca Mountain.
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The mineralogy can be described as consisting of two major phases: the
feldspars and the silica polymorphs (e.g., quartz, cristobalite, amorphous
silica). The quantity of these phases that will dissolve depends on the
groundwater chemistry, the temperature and pressure, leach kinetics, and
the amount of reaction time. As shown, for example, by Morey et al.,
1962; Siever, 1962; and Rimstidt and Barnes, 1980, the kinetics of some
silica reactions are so slow that equilibrium with a solution is thought
to be unattainable on a laboratory time scale. However, from a
dissolution standpoint, assuming that equilibrium can be achieved allows
one tovestimate the maximum quantity of material that can be dissolved for

a given temperature, pressure, and solution composition.

Some published descriptions of sandstones that have undergone diagenesis
and/or pressure solution suggest that quartz is more susceptible to
dissolution and precipitation than are feldspars (Heald, 1965; deBoer et
al., 1§77; Heald and Baker, 1977). Other investigators have observed
strong dissolution of both feldspars and quartz (Morris et al., 1979;
Tardy and Cassan, 1981). Additionally, examination of published data on
the concentration of silica in waters equilibrated with amorphous silica
at room temperature and pressure show a range of 0.0013 to 0.0078 mole/%
(from data given by Siever, 1962; Marshall, 1980; Willey, 1980). Under
similar conditidns, silica concentrations in equilibrium with feldspar
range from 0.00002 to 0.0006 mole/% (from data given by Wollast, 1967;
Huang and Kiang, 1972). Thus, the amorphous-silica assumption is more
conservative than an assumption that the groundwater maintains saturation
with respect to the feldspars, since feldspars must precipitate whenever

the silica concentration exceeds 0.0006 mole/%.

During dissolution, the feldspars release variable amounts of potassium,
sodium, calcium, aluminum, and silicon. The silica polymorphs contribute
only silicon to the groundwater. Therefore, a comparison was made between
the quantity of rock dissolved experimentally under isothermal conditions
and a prediction using the amorphous silica assumptién under similar

conditions. 1In rock-water interaction tests conducted at the Lawrence



Livermore National Laboratory, wafers of Topopah Spring core were
submerged in representative groundwater and heated to 150°C for varied
periods of time up to a month. Most of the weight loss occurred in the
first two weeks. The weight loss observed after one month was 1.4
percent. The weight loss calculated for similar conditions using the
amorphous silica solubility equation (see the discussion of the model
later in this paper) was 1.8 percent. This result demonstrates that the
model is sufficiently conservative to account for the dissolution of
non-silica components while still providing results that are reasonable

with respect to the general level of dissolution observed experimentally.

4. Numerous experimental studies (e.g., those by Kennedy, 1950; Morey et al.,
1962; Crerar and Anderson, 1971; Fournier, 1977) have shown that the
solubility of amorphous silica is approximately two to four times that of
cristobalite and four to nineteen times that of quartz for temperatures up
to 200°C.

A description of the behavior of cristobalite or tridymite during
diagenesis was not found. However, it is probably safe to assume that
cristobalite, as a metastable phase at low temperature (Sosman, 1965), will
dissolve faster than quartz. Since cristobalite dissolution will involve loss
of a larger volume of solid than will quartz dissolution for a given quantity
of dissolved silica, cristobalite was assumed to be the source of the silica
in the groundwater.

Observations of outcrops and drill hole core from Yucca Mountain suggest
that opaline silica has precipitated from groundwater in the tuffs at some
time in the geologic past. This silica phase was assumed to be close to
amorphous silica in density, and the latter was used as the phase that
precipitates from solution in this study.

To summarize, the following assumptions concerning the processes
controlling host-rock dissolution and precipitation were used in this analysis

(the upper bound each assumption provides is given in parentheses):



1. Silica concentrations in groundwater are determined by equilibrium
saturation with amorphous silica (mass of rock dissolving and subsequently

precipitating).

2. Cristobalite is the solid phase contributing most of the silica to the

groundwater (volume of silica dissolving).

3. Amorphous silica is the solid phase precipitating from cooling groundwater

(volume of silica precipitating).

These three bounding assumptions produced conservative results in that the
potential for reducing permeability beneath the repository horizon is

maximized.

Environmental Effects on Amorphous Silica Solubility
Several studies have found that the presence of moderate quantities of

cations such as sodium, potassium, calcium, and magnesium either has no effect
or decreases amorphous silica solubility (e.g., Nash and Marshall, 1956; van
Lier et al., 1960; Fournier and Rowe, 1966;.Nikitina, 1976 ; Marshall and
Warakomski, 1980). Siever (1962) determined that solubility in brines with up
to 50,000 ppm dissolved solids was little different from the solubility in
distilled water. Reardon (1979) found that at very low pH values, the
presence of ferric iron enhanced silica solubility through complexing.
However, groundwaters at Yucca Mountain have neither significant
concentrations of ferric iron nor pH values as low as those at which the
aqueous complex would be stable.

Silica solubility is not affected significantly by changes in pH at
moderate values of pH (4 to 9). Both Crerar and Anderson (1971) and Nikitina
(1976) found a slight increase in solubility with increasing pH, while Siever
(1962) found no effect at all for a pH range of 2 to 9.5.

The effects of pressure and temperature on solubility have been studied
extensively. All the studies have shown that silica concentrations in water
increase with increasing temperature, whether the dissolving solid is quartz
kHosebach, 1957; Siever, 1962; Walther and Helgeson, 1977), silica glass
(Mosebach, 1957), silica gel (Volosov et al., 1972), amorphous silica



(Mosebach, 1957, Siever, 1962), or granite (Holley et al., 1980). Two studies
make explicit statements about the effect of pressure. Mosebach (1957) found
that pressure has a negligible effect on solubility, while Siever (1962)

suggested a slight increase in solubility with increasing pressure.

Temperature Distribution
The dissolution and precipitation of the host rock is driven by

temperature changes produced by the emplacement and decay of several
radionuclides contained in the high-level wastes. Of the two waste-forms
currently being considered, spent fuel contains the larger quantity of
heat-generating radionuclides. The higher integrated heat load will produce
larger temperature changes and therefore the greatest amount of dissolution
and precipitation. For these reasons, spent fuel was selected as the waste
form to use is this evaluation.

A thermomechanical study was recently completed in which the temperature
distribution as a function of time along the vertical centerline intersecting
the repository area was predicted for two different areal power densities:
the current reference of S7-kW/acre (14 W/mz) and a higher loading of
90-kW/acre (22 W/mz) (Svalstad, 1984). This far-field analysis assumed that
the spent fuel was uniformly distributed throughout the repository (in a
narrow flat disk) at a depth of 390 m below the surface. The use of the
temperature distribution along the centerline is again a conservative approach
since it includes both the maximum absolute temperatures and the maximum
temperature gradient.

The temperature distributions given in Svalstad (1984) for a number of
specific times following emplacement were then fit with a series of linear and
exponential functions. For example, at 1000 years and a power density of 57
kW/acre (14 WImz), the following equations were used to predict the

temperature as a function of depth:
Baseline (geothermal gradient):

T = 13.2 + 0.031%Depth (L



For depth < 390 m:

r3
i

= 18.47%exp(0.004*Depth); (2)

For depth > 390 m:

]
1]

297.24%exp(—0.003*Depth) ; (3)
and the temperature at 390 m is 99.9°C.

T is in °C and depth is in meters. The temperatures calculated using
equations (2) and (3) were constrained to be not less than the baseline
temperature or greater than the 390-m maximum temperature.

Temperature data required in the analysis for times other than those for
which Svalstad (1984) provided distributions were calculated by linearly
interpolating between data based on existing distributions. Examples of the
resultant temperature profiles for both power densities considered are shown
graphically in Figures 2 and 3 and in tabular form in Tables 1 and'2. Depths
to only 600 m were considered because that is the approximate depth of the
water table. At and below the water table where the formations are already
saturated, permeability changes are not. as important. Additionally, changes
in the thermal gradient are quite small at these depths. Times to 10,000
years were used because that is the length of time for which the EPA (in 10
CFR 191) requires calculations of the effectiveness of isolation.

As shown in Figures 2 and 3, some portions of the rock will heat up for
some time to temperatures that exceed 100°C. Since the proposed repository
would be in a highly fractured, unsaturated zone, atmospheric pressure will
not, in general; be exceeded. Therefore, the water in these high temperature
regions could vaporize, and the rock could dry out (Pruess and Wang, 1983).
The existence of a dry-out zone also depends on other properties of the rock
such as permeability and capillary pressures. In some of the evaluations
conducted in this study, water vaporization was included to determine whether
the pgecipitation of the solids initially dissolved in the water because of

the geothermal gradient could cause a significant decrease in permeability.
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Table 1. Temperature distribution as a function of time and depth for a hypothetical
repository at Yucca Mountain containing 57 kW/acre spent fuel
(temperatures calculated at times from 256 to 16,000 years after

emplacement) .
Temperature (°C)

Depth (m) Zég 509 1000 1500 gggg 3ga0 4000 6000 8060 100600
15. 13. 13. 19. 19. 19, 19. 18. 18. 18, 17.
349. 14. 14. 20. 20, 20. 20. 24. 19. 19. 19.
45, 14, 14. 22, 22. 22, 21. 21, 21, 20. 20.
66. 15. 15. 23, 23, 23. 23, 23. 22, 22, 22,
75. 15. 16. 25, 25, 25. 24, 24, 24, 23, 23.
94. 16. 18. 26. 26. 26, 26. 26. 25, 25. 25,

105. 16. 20. 28, 28, 28, 28, 28. 27. 27. 26.
1249. 17. 21. 30. 3a. 3a. 30. 29, 29. 28. 28,
135. 17. 23, 32. 32. 32. 32, 31. 31. 30. 30.
154a. 18. 26. 34, 34, 34, 34. 33, 33. 32. 32,
165. 18. 28. 37. 36. 36. 36. 36. 35. 34, 34.
180. 19. 31. 39, 39, 39, 38. 3g. 37. 36. 36.
195, 19. 33. 42, 41, 41. 41, 40. 39. 39. 38.
21@. 21. 37. 44 . 44, 44, 43, 43, 42, 41. 40.
225, 24, 49 . 47. 47. 47. 46. 46. 44, 43, 42,
240. 27. 44, 51. 58. 50. 49, 48, 47. 46. 44,
255. 31. 48. 54. 54. 53. 52. 52, 5. 49, 47.
270. 3s. 52. 58. 57. 57. 56. 55. 53. 51. 50.
285. 49. 57. 61. 61. 60. 59. 58. 56. 54. 52.
300. 45, 62. 65. 65, 64. 63. 62. 68, 58, 55.
315. 52, 68. 74@. 69. 69. 67. 66. 63. 61. 58.
330. 6A. 74. 75. 74. 13. 72, 7@. 67. 64. 6.
345. 69. 81. 80. 79, 78. 76. 75. 71. 68. 65.
360. 79. 89. 85. 84. 83. 81. 79. 76. 72, 68.
375. 91. 97. 91. 94 . 89, 87. 84. 8g. 76. 72.
390. 185. 196. 97. 96. 94, 92, 9g. 85. 81. 76.
405. 102, 1065. 98. 97. 95, 93. 91. 86. 81. 77.
420. 91. 98 . 94, 93. 92. 9g. 87. 83. 79. 75.
435, 8O. 92, 924 . 89. 88. 86, 84, 8d. 77. 73.
450. 71, 6. 86. 85, 85. 813, 81. 78. 74. 71.
465. 64. 80. 83. 82, 81, 8a. 78. 75. 72, 69.
480, 57. 75. 79. 79. 78. 17. 75. 73. 70. 68.
495, 51. 71, 76. 76. 75. 74. 3. 71. 68. 66,
51@. 46. 66. 73. 73. 72, 71. 0. 68. 66. 65.
525. 41. 62. 7. 78. 69. 68, 68. 66 . 65. 63.
54¢. 37. 58. 67. 67. 67. 66. 65. 64. 63. 62,
555. 33. 54. 64. 64. 64. 63. 63. 62, 6l. 64d.
576. 31. 51. 62, 62. 61. 61, 61. 6. 60. 59.
585. 31. 48, 59. 59. 59. 59. 59. 59. 58. 58.

600. 32, 45. 57. 57. 57. 57. 57. 57. 57. 57.
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Depth (m)

15.
3a.
45.
60.
75.

los.
120.
135.
150.
165.
180.
195.
21e0.
225,
240,
255,
279.
285,
300.
315.
33a@.
345,
364@.
375.
394.
405,
420,
4135,
450,
465.
480.
495.
514.
525,
540.
555.
570.
585.
600.

Table

Temperature distribution as a function of time and depth for a hypothetical
repository at Yucca Mountain containing 98 kw/acre spent fuel
(temperatures calculated at times from 250 to 10,000 years after
emplacement) .

Temperature (¢ C)

2508

13.
14.
14.
15.
15.
16.
16.
17.
17.
18.
18.
19.
20.
23.
26.
29,
34.
39.
45.
53.
62,
72.

101,
121.
145.
147.
126.
109.
94.
82.
71.
62.
55.

42,
37.
33.
31.
32.

500

13.
14.
16.
17.
19.
21.
23.
26.
28.
31.
34.
38.
41.
46.
5@.
55.
61.
67.
74.
8l.
89.
98.
108.
119.
131.
144.
150.
138.
127.
116.
167.
98.
90.
83.
76.
71a.
64.
59.
54.
49.

1009 1500 20449 3gaa 4a0ad (171117 % 8908
22, 22, 22, 22. 22, 22, 22,
24. 24, 24, 24, 23. 23. 23,
26. 26, 25. 25. 25, 25. 25.
28. 27. 27. 27. 27. 27. 26,
3a. 30. 29. 29, 29. 29. 28.
32. 32. 32. 31. 31. 31. 30.
34. 34. 34. 34. 33. 33. 32,
37. 37. 37. 36. 36. 35, 34.
40. 48. 39. 39, 38. 37. 37.
43. 43. 42, 42, 41. 406. 39.
46. 46. 46. 45. 44. 43. 42,
5. 49. 49. 48. 48. 46. 45.
54. 53. 53. 52, 51. 49, 48.
58. 57. 57. 56. 55. 53. 51.
62. 62. 61. 6d. 59. 57. 54.
67. . 66, 66, 64, 63. 61. 58.
72. 72. 71. 69. 68. 65. 62.
78. 77. 76. . 75. 73. 70. 66 .
84. 83. 82, 8a. 78. 75. 71.
90. 89. 88. 86. 84. 8a@. 76.
97. 96. 95. 93. 94. 86. 8l.

165. 103. 192, 1a0. 97. 92. 87.

113. 111. 11d. 107. 104. 99, 93.

121. 120. 118. 115, 112. 106. 100,

131. 129. 127. 124. 124. 114. 197.

146, 138. 136. 132. 129. 121. 113.

l1449. 138. 136. 132. 128. 121. 113.

133, 131. 129. 126. 122. 115. 109.

126, 124. 123. 120. 117. 118@. 104.

119, 118. 117. 114, 111, 106. 100.

113. 112, 111. 108. 106. 101. 96.

108. 107. 105. 103, 101. 97. 93.

162, 101. 100. 98. 97. 93. 89.
97. 96. 95. 94. 92. 89. 86.
92. 91, 91. 89. 88. 85. 83.
87. 87. 86. 85. 84. 82. 80.
83. 82, 82. 81. 8a. 79. 7.
79. 78. 78. 77. 71. 75. 74.
74. 74. 74. 74. 73, . 73. 72.

71. 71. 708. 70. 70. 70. 69.
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88.
94.
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105,
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192.
98.
95.
91.
88.
85.
83.
80.
78.
75.
73.
71.
69.



Additionally, a number of evaluations were made in which this dry-out
possibility was ignored and temperatures in the aqueous phase were allowed to
exceed 100°C. This latter approach was initially viewed as probably being
conservative because temperature has an important influence on silica
solubility and thus on the quantity of rock that dissolves and subsequently

precipitates.

MODEL
As stated in the previous section, the groundwater was assumed to always
be in equilibrium with amorphous silica. The solubility of this polymorph of
silica as a function of temperature is given by the following equation

(Marshall, 1980):

5

SOL = exp[-0.2729 — (2.5932 x 10°/T) + (5.3671 x 10°/T%)
7

~(8.4714 x 107 /7)) (4)

where

SOL

amorphous silica solubility limit (mol/kg of water)

3
1]

temperature (Kelvin).

A Fortran computer program was written to determine the temperature
distribution, as a function of time and position, the corresponding amorphous
silica solubility, the incremental quantity of silica dissolved or
precipitated, and the cumulative change in porosity. The effects of water
flow rate, initial rock porosity, power density, and time on the porbsity
change were evaluated. To allow the hydraulic system of the mountain to be
simulated, the 600 m of rock along the vertical centerline of the repository
was divided into the six stratigraphic units previously identified in Figure
1. It was assumed that the initial matrix porosity of each of the units was
constant and uniformly distributed. The thickness, initial average matrix
porosity, and identification for each of these units is given in Table 3
(Nimick, 1984).

The computation procedure that was used consisted of the following general

steps:
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Table 3.

Code

IA2

IB

IIA

IIB

IIIA

II1IB/
IVA

Definition and relevant properties
stratigraphic units considered.

Average matrix

Name porosity
Tiva Canyon g.11
{(welded)
Paintbrush Tuff 0.40

(non welded)

Topopah Spring @.15
(lithophysae-rich)

Topopah Spring g.12
(lithophysae-poor)

Topopah Spring . g.04
(vitrophyre)

"Calico Hills" g.33

-15-

for the six

Approximate
thickness (m)

53

85

179
197
17

159



Each of the six stratigraphic zones was divided into blocks, 1 square
meter horizontally by a thickness that equaled the distance the water

travels in the time step chosen. This distance is given by the following

equation:
_ (At)(FR)
$= T (5)

where

é = thickness,

At = time step,

FR = water flux (either percolation rate for matrix flow or

fracture flow rate for fracture flow),
$ = matrix or fracture porosity, and
s = fraction of the pores or fractures that is saturated.

The block (grid) structure is shown schematically in Figure 4. This
figure graphically shows how matrix porosity differences between each
stratigraphic unit affect the size of the block. It should be noted that
in the first evaluations made, the initial porosity and fraction of the
matrix which was saturated (and thus the block size) were each assumed to
be a single value for all six stratigraphic units. This procedure was
followed to allow the important effects on cumulative porosity change to

be clearly identified.

A time increment was selected for the water flow rate being considered
such that the block size would be a maximum of approximately 1-2 meters
(except for the low porosity IIIA unit). The number of blocks in each
stratigraphic unit was determined by dividing the thickness of each block
into the approximate thickness of each unit as given in Table 3. The time
was then stepped from zero to, in general, 10,000 years with the selected

increment. At each time interval, steps 3 to 5 below were followed.

The temperature for each block was computed at the corresponding depth

along with the amorphous silica solubility based on that temperature.
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Figure 4. Schematic diagram of the block or grid structure used in

the mineral dissolution and precipitation model.
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4. The difference in silica concentration due to precipitation or dissolution
was calculated for each block‘by subtracting the silica solubility for the
conditions existing in the current block from the silica solubility the
same packet of water had during the previous time step (see Figure 4).
Mathematically, the change in the quantity of silica contained within the

block j over the time interval t.1 - ti- is given by

1

Aq, . = (MW)(FR)(At,)(SOL, _

i3 - SOLi'j)(Pw) (6)

1,j-1

where
Aqi,j = change in the quantity of silica with a given block
8ty =% T b
Py = density of the groundwater
MW = molecular weight of 'silica (60 g/mol)
SOL, = amorphous silica solubility at time i in block j

i,j

The volume change of water due to the dissolution and precipitation of
silica and temperature was neglected. Before the initial time step, the
water in each block was assumed to be saturated with amorphous silica at

the temperature of the existing geothermal gradient.

5. If the quantity calculated with equation (6) was negative (dissolution), a
density of 2.33 g/cc (cristobalite) was used to calculate the volumetric
change; if the quantity was positive (precipitation), a density of 2.2.
g/cc (amorphous silica) was used. The final result is a cumulative change
in porosity as a function of time and position calculated with the

following equation:

Nt l\q.l .
Ad., = 3 —2.d (7
J 1

i=l  (p)(8)(1 n%)
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where

A¢j- = cumulative porosity change for block j,
Nt = total time/At, and
Py = silica density (as described above).

For the evaluations in which the water was allowed to vaporize and the

rock to dry out, the steps below were followed:

a)

b)

whenever the temperature of a block exceeded 100°C, the concentration
of dissolved silica within that block was maintained at zero.
Although the actual boiling temperature of water at the approximate
repository elevation is 96°C, the higher temperature was used for
convenience, and the potential effects of vapor pressure lowering and
pore pressurization were ignored. This procedure resulted in an
instantaneous precipitation of all the silica dissolved in the
groundwater in the region heated to more than 100°C by the
emplacement of waste; then, as time proceeded and the temperature in
new regions exceeded 100°C, the silica contained in the groundwater
flowing into these regions was deposited. As the 100°C isotherm
receded, groundwater was allowed to flow in and re-equilibrate with

the previously dry rock. Thus, the boundary of this dry zone was

dynamic.

When the water was vaporized, it was assumed to be removed from the
system. Physically, this phenomena could occur if the emplacement
boreholes are permeable to vapor. The grdundwater percolating
downward was assumed to be unable to penetrate the 100°C isotherm,
but rather to flow instantaneously around the dry zone. With the
high suction heads that exist in the rock (Peters and Gauthier,1984),
this latter assumption appears reasonaﬁle and is conservative; that
is, this leads to an upper bound on silica-saturated water entering

the region below the repository.
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7. The temperature and cumulative porosity change results shown in this
report represent averages over 15-m intervals. This procedure was used to
ensure that all of the often rapidly changing, calculated quantities were

included in the observed results.

RESULTS FOR CONSTANT POROSITY

The effect of a number of parameters on the cumulative change in porosity
was first calculated assuming that only matrix flow occurs and that a single
initial matrix porosity exists throughout the entire unsaturated zone being
studied. This procedure is necessary to allow the important factors affecting
the cumulative porosity change to be clearly identified and presented before
the more complicated cases using actual stratigraphic data are discussed. The
water flux through the matrix will be referred to as the percolation rate
throughout the remainder of this paper. The effects of the individual
parameters on the porosity change are discussed separately below. The case
with a 57-kW/acre (14 W/mz) spent fuel gross thermal loading, 0.5 mm/yr
water percolation rate, 100-percent pore saturation, no water vaporization,
and l2-percent matrix porosity was considered to be the base case with which
most comparisons will be made. Again, these conditions are conservatively

representative of those currently anticipated for Yucca Mountain.

Effect of Time

The effect of time on the cumulative porosity change for the base case
conditions is shown in Figure 5. For reference, the data contained in this
plot are listed in Table 4. All of the evaluations in which water percolation
rate, matrix porosity, and thermal conditions were varied (at constant
porosity) produced similar profiles. The most obvious result of these
calculations is the expected direct correlation with the temperature profiles
shown in Figure 2. As the water heats up, more rock dissolves, and as it
cools, precipitation occurs. The maximum dissolution occurs at the point of
highest temperature (the repository horizon) and decreases with increasing

time (see Figure 6). The two following results are particularly worth noting:
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Figure 5. Cumulative matrix porosity change as a function of depth

and time for a 57 kW/acre spent fuel repository contained
in tuff with a single initial matrix porosity of 0.12, a
constant percolation rate of 0.5 mm/yr, and no

vaporization.
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1. The cumulative porosity changes are extremely small. The maximum increase
occurred at 250-500 years and for these conditions (from Figure 5) was
only 0.000016. Thus, if the initial porosity was 12 percent, then the
maximum final porosity would be only 12.0016 percent, a relative variation
(Ad/9) of approximately 0.02 percent. This compares with a relative
variation in naturally occurring matrix porosity of 30 percent (Nimick,
1984). It is important to keep in mind while considering the different
effects on cumulative porosity changes that all of the relative changes

were calculated to be of this extremely low order of magnitude.

2. WNet porosity decreases did not occur. During the 10,000-year period
studied, the formation down to 600 m experienced a large enough overall
gain in thermal energy to prevent any cumulative precipitation. With the
essentially stagnant flow resulting from the expected low water flux, even
if time were advanced farther, the porosity-change curves would continue
to flatten (but never reach zero); the final porosity increase above 600 m
would be balanced by an overall decrease in porosity somewhere below the

water table.

Effect of Initial Matrix Porosity

The effect of assuming a different initial matrix porosity (assumed to be
constant throughout the 600 meters for each case) is shown in Figure 7. The
base case initial porosity of 12 percent (representative of the densely welded
Topopah Spring) was changed to 33 percent (observed for the Calico Hills
unit). An increase in the initial matrix porosity has the effect of
decreasing the water velocity and, therefore, the quantity of rock that a
given amount of water is exposed to during any time period. Since the
concentration of silica in the water at a given time and depth is constant
(the temperature profiles are independent of the initial porosity), the
quantity of silica that dissolves or precipitates in a given block of rock
must therefore increase as the initial matrix porosity is increased. The
conclusion is confirmed in Figure 7, where the magnitude of the porosity
change is shown to be directly proportional to the difference in initial
matrix porosity. This same relationship holds at the longer time periods

’

evaluated.
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Cumulative matrix porosity change as a function of depth
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repository. The 0.12 porosity is representative of the
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Effect of Percolation Rate and Pore Saturation

The effect of percolation rate and pore saturation on cumulative porosity
change is shown in Figure 8. The percolation rates and saturation values used
in this comparison are consistent with the pressure and saturation
measurements made on core from Yucca Mountain (Peters and Gauthier, 1984).

As shown, the effect of percolation rate under these assumed conditions is
limited. This lack of effect probably results because the quantity of solids
transported between areas is dominated by temperature differences and not by
the actual flow of water (since the concentration of dissolved solids and
groundwater velocity are so small). As the percolation rate increases, a more
significant transfer of water occurs between blocks, and the
temperature-gradient effects become accentuated, as demonstrated by the
dramatic decrease in the l-mm/yr response curve immediately below the
repository horizon.

A decrease in saturation has the same effect as reducing the initial
matrix porosity (see equation 5). The "effective matrix porosity" for the
calculation assuming 0.1 mm/yr, SO-percent saturation is therefore half that
for the calculation assuming 0.1 mm/yr, 100-percent saturation. This
difference, as explained in the preceding subsection, accounts for the

observed change between the two curves for the lowest percolation rate.

Effect of Areal Power Density

The effect of higher temperature (due to increased power density) on the
cumulative porosity increase is shown in Figure 9. The characteristics and
relative differences of the responses shown in this figure are qualitatively
similar when variations in time and percolation rates are considered. Higher

rock temperatures simply increase the magnitude of the porosity changes.

Effect of Water Vaporization

The effect of allowing water to vaporize and therefore the rock to dry out
is shown in Figures 10, 11, and 12. Figure 10 shows this effect as a function
of time for the lower, 57-kW/acre (14 W/mz), loading. The deep spikes shown
in these figures originate from the immediate precipitation of the silica that

was dissolved in the groundwater before the emplacement of waste. It should
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Figure 8. Cumulative matrix porosity change as a function of depth,

percolation rate, and saturation for a 57 kW/acre spent
fuel repository with a single initial matrix porosity of
0.12 at 250 years following emplacement and no water
vaporization.

-27-



‘\\ i 1 1
'\|
\\ 0.5 mm/yr
100 L\ 10,000 years -
\\
\,\ \
200 - \ -
\ N
3 \ \\ 90 kW/acre
< 300 \ . -
: 57 kW/ A\ \‘
acre
400 :} \\ | repository
L —~ horizon
rr
/ /’
500 // /I -
I,
6(") ‘! J/ i A
-0.5 0.0 0.5 1.0 1.5 2.0
Porosity Change (x 105)
Figure 9. Cumulative matrix porosity change as a function of depth

for the two area power densities considered and a single
initial matrix porosity of 0.12, a percolation rate of
0.5 mm/yr, no water vaporization, and at 10,000 years

following emplacement.

~28~



0 f 1 ! ¥
57 kW/acre spent fuel \
0.5 mmy/yr .
water vaporization
100 |- \ .
\
\
200 -
f\. \ _—10,000 yr
g \
: \ O\
2 300 | \ O\ ,
o ,
a \, \
250 yr /A\
== .
—_ —h——r ‘ repository
400 — - — ‘?;'*-N-:....\.\_‘ =1 horizon
\ ~
i
1
500 |- e -
/ /
/ !
!5("3 | l I 1 i
-1.5 1.0 -0.5 0.0 0.5 1.0 1.5
Porosity Change (x 105)
Figure 19,

) mm/yr, and water vaporization for
regions in which theftemperature eXceeded 100°¢,

-29.



100

~1.5

200
E
£ 300
Q.
@
(=]
400
500
600
Figure 11.

— - e

\ 57 kW/acre
: 0.5 mm/yr
10,000 years

without water
vaporization
with water

vaporization

N BN

: repository
1 horizon

N‘s /

[ | [ ]

-1.0 -05 0.0 0.5 1.0 1.5
Porosity Change (x 1095)

-30-



100

200

Depth (m)
W
o
o

90 kW/acre

| |
\\ 0.5 mm/yr
\ '\ 10,000 years

\'\

\\\
\\
N

water vaporization

. repository
400 - fhg: - horizon
7 | ~~\I]/57 kW/ acre
500 B (- —— - en— - ’.. 7 -
I'I '
6(") | i i /,' L
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Porosity Change (x 105)

Figure 12, Cumulative matrix porosity change as a function of depth

for the two areal power densities consideredand a single
initial matrix porosity of 0.12, a percolation rate of

0.5 mm/yr, water vaporization, and at 10,000 years
following emplacement.

e

-31-



be remembered that at this loading the temperature exceeds 100°C only in
regions immediately around the repository level and for times less than 1000
years. The deepening of the spikes is caused by the same net precipitation
processes that reduced the maximum value of the porosity-change curves shown
previously in Figure 5. As shown in Figure 11, the porosity-change responses
are identical to those in which vaporization was not allowed in the regions
where the temperature did not exceed 100°C. Figure 12 shows the long-term
effect of increasing the loading to 90 kW/acre (22 W/mz). At this increased
loading, the region experiencing temperatures above 100°C initially grows with
time. This causes more material to precipitate in the affected region, and

thus the width of the spike increases.

RESULTS FOR VARIABLE MATRIX POROSITY

The initial porosity of the matrix was shown in the previous section to
have an important effect on the relative magnitude of the changes produced in
the porosity. For this reason, thelmatfix and fracture porosity within each
stratigraphic unit must be included when predicting cumulative porosity
changes that could actually occur beneath Yucca Mountain. Again, the primary
concern with the dissolution and precipitation of host-rock minerals is that a
significant decrease in permeability may be produced. As shown above, regions
in which cumulative porosity changes were negative only occurred when water
was allowed to vaporize.

In this section, the effects of time, percolation rate, and areal power
density on cumulative porosity change are given for the conditions of expected
matrix flow, constant initial matrix porosity throughout each major
stratigraphic units, and water vaporization if the temperature exceeds 100°C.
These results will be used in the important subsequent analysis of potential
matrix permeability changes. This type of analysis also forms the basis for
evaluating fracture flow.

The effect of time on the change in porosity for the two areal power
densities being considered is shown in Figures 13 and 14. It is important to
keep in mind that higher initial matrix porosity values decrease the quantity
of rock with which a given volume of water can interact (by decreasing flow

speed) and therefore increase the magnitude of the cumulative porosity change
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produced (refer back to Figure 7). The deviation in the general shapes of
these responses from those shown in the previous section is due to this
significant effect. To demonstrate this conclusion, compare the 10,000-year
curve shown in Figure 13 to the 10,000-year curve shown in Figure 10. The
increases in cumulative porosity change shown in Figure 13 over those in
Figure 10 for the nonwelded Paintbrush tuffs and the "Calico Hills" regions
occur because the initial matrix porosity has been changed from 0.12 to 0.4
and 0.12 to 0.33, respectively. The decrease through the vitrophyre region
(IITA) results from an initial matrix-porosity change from 0.12 to 0.04.

The effect of percolation rate on the cumulative porosity change for
matrix flow conditions is shown in Figure 15. As in Figure 8, for the same
initial porosity throughout all rock units, a major portion of the difference
between these two curves occurs because the matrix is not saturated when the
rate is 0.1 mm/yr (effectively halves the matrix porosity for every unit).
Thus, the impact of percolation rate under the currently expected conditions

of matrix flow is not significant. -

RESULTS FOR PERMEABILITY CHANGES
The study of water flow through the Topopah Spring Member recently
conducted by Peters and Gauthier (1984) resulted in three conclusions

important to this evaluation:

1. An average water percolation rate of 0.1 mm/yr or less through the Topopah

Spring is consistent with pressure and saturation measurements.

2. At this percolation rate, saturation is less than 1.0, and the suction
heads are sufficientLy high that water movement will take place only in

the pores.

3. The saturated hydraulic conductivity of the Topopah Spring matrix is less
than 1.5E-10 to 3.9E-9 cm/sec, which is sufficient to support percolation
rates of 0.05 to 1.2 mm/yr. At water flow rates greater than the

saturated conductivity of the matrix, fracture flow is expected to occur.
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Matrix Flow »

Since the projections made by Peters and Gauthier (1984) showed that
matrix flow should dominate the hydraulic system for all of the unsaturated
units beneath Yucca Mountain, most dissolution and precipitation reactions
should occur within the pores. The results presented in the previous section
show that the largest relative effect (Ad/$) of host-rock mineral
dissolution and precipitation occurs within the Topopah Spring unit (see
Figure 14). This result is because the greatest temperature gradient occurs
in the Topopah Spring unit. Using the largest observed relative increase, the
initial 15-percent matrix porosity would increase to 15.0016 percent. The
largest observed cumulative decrease would change the initial 12 percent
matrix porosity to 11.9988 percent. These small calculated effects would be

undectable among the naturally occurring variations.

Fracture Flow

The effect of host-rock reactions on the permeability of the fractures
must also be addressed in order to estimate the consequences of a potential
climatic change and a resultant water flow rate greater than 0.5 mm/yr.
Fracture flow was only studied in the Topopah Spring units because, as shown
in the previous analyses, these are the only units in which a net
precipitation of silica occurred.

For laminar flow between parallel plates (a common approximation for
fracture flow), aperture (e) and fracture permeability (K) may be related by
(Snow, 1968)

e2
Thus, the change in permeability due to a change in aperture may be
represented by
2 2
e; - e
K=Ky - K= T ®
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where subscript i refers to the initial state and subscript f to the final

state. The final aperture may be calculated from

e_=e, - —— (10)

where
v = volume of material precipitated (or dissolved) per unit length,
N = number of fractures per unit length, and
A = area of the fracture surface.

As expected, the change in permeability is affected by initial fracture
aperture, the fracture density, and the volume of material dissolved or
precipitated. Data given by Scott et al. (1983) give a range of fracture
densities of approximately 16 to 32 fractures per meter in densely welded
tuffs and about 7 fractures per meter in the vitrophyre of the Topopah
Spring. Apertures of these fractures have not been measured, but the use of
data given by Klavetter (1984) provides an estimate of 3 to 38 um for
equivalent hydraulic apertures of the fractures in the densely welded Topopah
Spring. It is assumed here that hydraulic apertures will range from 5 to 50
ym. Since equivalent hydraulic apertures are smaller than actual geometric
apertures, the porosity change described below will have a larger relative
effect using this assumption.

The permeability for rock containing a set of parallel fractures may be

calculated from (Snow, 1968):

K., = /9. Qaun

Assuming that there are an average of 25 fractures per meter in the densely

welded Topopah Spring, each with an average aperture of 30 um, the hydraulic
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conductivity due to fractures would be about 18,000 mm/yr.* 1In the
vitrophyre, with seven fractures per meter and the same aperture, hydraulic
conductivity would be about 5,000 mm/yr.

Since fluctuations in the flow rate great enough to exceed the
.conductivity of thg fractures are unlikely, the fractures, as they currently
exist, should be able to accommodate (i.e., transmit) all water flow above
that which penetrates the matrix. This study examined the possibility that at
some reasonable upper bound on the water flux (here assumed to be 4.5 mm/yr,
or 4 mm/yr in the fractures), host-rock dissolution and precipitation might
decrease the fracture conductivity to the point where some amount of the water
inflow would be diverted to flow in an approximately horizontal direction.

Figure 16 shows the porosity changes for the matrix flow as well as for
fracture flow with two different fracture porosities. The total porosity
change after 250 years at a flow rate of 4.5 mm/yr would be the sum of changes
in matrix and fracture porosity, or a volume fraction of about 0.000013.
However, this may be misleading. Material precipitated in fractures will
decrease conductivity to a more significant extent than the same quantity of
precipitate would decrease matrix conductivity.

The data used in Figure 16 also show that there is little difference in
the porosity change for initial fracture porosities of 0.0001 and 0.001.**
Thus, the larger relative change of porosity would occur for an initial
fracture porosity of 0.0001. This porosity change is assumed to be
distributed between 20 fractures per meter with an aperture of 5 ym, each a
value within the range in these properties mentioned earlier. The bulk
fracture conductivity of such a material (ignoring matrix conductivity) would
be 66 mm/yr.

The maximum precipitation of material occurs when the water vaporizes, and

this vaporization has the largest effect at the repository horizon (Figure 16).

*Equation 11 provides a permeability in units of 1engtﬁ squared. In order to
convert to hydraulic conductivity, with units of length per time, the
following equivalence was used: 1 cm/sec = 10=5em2.

*XThese two values were selected for computational convenience, and are assumed
to be representative of the expected minimum values of fracture porosity in

the Topopah Spring Member.
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The greatest net quantity of material precipitated will be the product of the
largest net porosity change and the volume of the block, or 3.2E-05 m3 for a
1-m thick block and a porosity change of 3.2 x 10“5 at a time of 1000
years. According to equation (10), the final fracture aperture would be 3.4
um, which results in a calculated bulk hydraulic conductivity of 21 mm/yr,
or a decrease of about 70 percent. However, with the assumed maximum fracture
flux being 4 mm/yr, the difference between 66 mm/yr and 21 mm/yr will not
change the ability of the fractures to transmit all of the available water.
Although dissolution can only increase an already large conductivity, it
is instructive to examine the relative change. Maximum dissolution at 4 mm/yr
is predicted to occur at a depth of 150 m (near the top of the densely welded
Topopah Spring) at a time of 10,000 years, and is about 12.2E-05 m3 for a
2.5-m~-thick block. Assuming the same fracture distribution as given in the
two preceding paragraphs, the final fracture aperture would be 7.4 um,
giving a final hydraulic conductivity of 216 mm/yr. Thus, the bulk fracture
conductivity would increase by a factor of three. However, since even the
initial fracture conductivity is greater than that necessary to transmit the
anticipated water flux, this increase will not have a significant impact on
flow patterns.
It should be kept in mind that these numbers are conservative. Even with
climatic changes, water flow rates are likely to be even lower than 4 mm/yr,

and fracture porosity is more likely to be closer to 0.001 than to 0.0001.

SUMMARY
This study was conducted to effectively bound the effect of
thermally-induced dissblution and precipitation of the host rock on
alterations of the hydrologic properties of the tuffs at Yucca Mountain. The

important results of this study include the following:

1. In the tuff beneath Yucca Mountain, the dissolution and precipitation of
minerals due to their interaction with heating and cooling groundwaters
can be conservatively described by assuming that the groundwater is always

in equilibrium with amorphous silica.
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2. ' The results of coupling amorphous-silica-equilibrated groundwater flow

with the thermal distribution produced by the emplacement of spent fuel

shows several relevant features:

a)

b)

c)

d)

The resultant cumulative porosity changes qualitatively correlate
with the temperature profiles. Thus, as expected, in regions where
water is being heated, the porosity increases; and in regions where
water is cooling, the porosity decreases. Additionally, porosity
changes for a 90-kW/acre (22 W/mz) loading are higher than those
for a 57-kW/acre (14 WImz) loading.

Only very small increases in cumulative porosity are predicted to
occur. With expected percolation rates, the maximum increase for any
of the conditions considered is a volume fraction of 0.000016. These
changes are several orders of magnitude smaller than the observed

natural variation in porosity.

Net cumulative porosity decreases do not occur in the calculations

"unless water is assumed to vaporize. Even with water vaporization,

the porosity decrease is limited to approximately 0.000012.

Differences in water flow from 0.1 to 4 mm/yr have only a minimal

affect on cumulative porosity change.

The important issue of whether or not host-rock dissolution and deposition

could produce significant decreases in permeability was addressed for both

regimes of potential water flow:

a)

If porous flow dominates (an assumption currently supported by field
measurements and calculations for average percolation rates below 0.5
mm/yr), no observable increase or decrease in permeability should

occur.
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b)

If fracture flow dominates (for water fluxes in excess of 0.5 mm/yr),
fracture permeabilities may show large changes, but even with these
changes, the bulk permeability due to fractures is much greater than
the amount of water which the fractures will be required to

transmit. Thus, changes in fracture permeability will have no
significant effect on the total hydrologic flow patterns through the

mountain.
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