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The results for the Cheshire case of Carle et al. (2003) are presented in Figure G-5 along with 
the analytic solution conducted in the present study based on a hydrostatic boiling 
temperature initial condition. Carle et al. (2003) varied the initial temperature of the glass 
zone to examine the sensitivity of temperature history to the choice of initial temperature. 
The initial temperature used in the analytical solution was set by the maximum temperature 
of water at the hydrostatic pressure of the bottom of the glass zone. Our hydrostatic 
temperature is slightly different from the hydrostatic temperature used by Carle. Carle used a 
hydrostatic pressure at the working point while we used a hydrostatic pressure at the bottom 
of the cavity. Importantly, Carle’s calculations show that boiling ceases and the cavity re-
saturates quickly (at around 20 days). Furthermore, the mean glass zone temperature 
decreased rapidly irrespective of the initial temperature of the glass zone. The simulation 
based on hydrostatic initial conditions resulted in the slowest temperature decrease. Pressures 
in the cavity were significantly lower in the other simulations which allowed for greater 
boiling and faster heat redistribution. 

 
Figure G-5.  Simulated mean melt glass zone temperature as a function of time for the Cheshire base 

case and sensitivity cases of Carle et al. (2003), compared to the conduction-only 
analytical solution. 

Analytical Solution 
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As expected, this study’s conduction-only analytical solution resulted in a 
significantly slower temperature decrease from the glass zone when compared to the 
simulations of Carle et al. (2003). At the end of boiling and re-saturation of the cavity, the 
mean glass zone temperature in the analytical solution is approximately 100 °C higher than 
the base case of Carle et al. (2003) and about 30 °C higher than the hydrostatic model. This 
is attributed to the large convective heat loss from the Cheshire site, especially when 
compared to the Cambric site. The Cheshire glass zone initially provides a much larger heat 
source and is hydrologically connected to a high-permeability chimney and high-
permeability fractured lavas. As a result, convective heat loss is much greater than 
conductive heat loss.  

A comparison of the analytical solution to the simulations of Carle et al. (2003) for 
the Greeley test (Figure G-6) leads to similar conclusions. Rates of cooling are qualitatively 
similar for all the Greeley sensitivity studies, while the hydrostatic simulation consistently 
shows the slowest cooling rates, an observation attributed by Carle et al. (2003) to the higher 
boiling point under hydrostatic pressure. It should be noted that the hydrostatic sensitivity 
simulation initial conditions used by Carle et al. (2003) for the Greeley test are different from 
those used in the analytical solution. Carle et al. (2003) set the initial conditions at 
hydrostatic but allowed the glass zone temperature to initially be much higher than the 
boiling point at that pressure. The rapid cooling of the glass zone can be attributed to heat 
redistribution as a result of boiling. Similar to Cheshire, the mean glass temperature in the 
Greeley analytic solution based on hydrostatic initial glass temperature is higher than any of 
the flow simulations once boiling has ceased and the cavity resaturates (approximately 60 
days at Greeley). Comparison of the temperature histories of the analytical and numerical 
solutions indicates that convective cooling contributes significantly to the rapid decrease in 
mean glass temperatures in Carle et al.’s simulations. Ignoring convection and using the 
analytical conduction-only solution provides a conservative estimate of glass zone cooling 
rates. 

Comparing the base-case simulations of Cheshire and Greeley to the simulation of 
Almendro provides additional insight into the cooling behavior of these Pahute Mesa tests 
(Figure G-7). In the Almendro case, the conduction-only analytical solution is quite similar 
to the flow model of Carle et al. (2003), particularly once the cavity has resaturated. The 
Almendro cavity is believed to be hydrologically isolated from the surrounding rock due to 
its location in a very low permeability rock and sealing of any high permeable fractures. 
Thus, it should not be surprising that the cooling rates are much slower than for Cheshire or 
Greeley. It should also not be surprising that the cooling rates calculated based on the 
conduction-only analytical solution are comparable to the flow model developed by Carle et 
al. (2003). 
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Figure G-6.  Simulated mean melt glass zone temperature as a function of time for the Greeley 

base-case and sensitivity cases of Carle et al. (2003) compared with the conduction-only 
analytical solution. 

 

Analytical Solution 
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Figure G-7.  Modeled temperature (A) and saturation (B) histories of Cheshire, Greeley, and 

Almendro melt glass zones. Simulations of Carle et al. (2003) (thick lines) are compared 
with the conduction-only analytical solution (thin lines). Red lines identify difference 
between the two models at the point of cavity resaturation. 

A 
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By comparing the simulated cooling history of all three tests examined by Carle et al. 

(2003) to the conduction-only analytical solution for these tests, the following conclusions 
can be made: 

• The rate of convective cooling increases as a function of the permeability of the 
cavity and surrounding rock and follows the order Almendro<Greeley<Cheshire. 

• As the role of convective cooling decreases, the similarity between the conduction-
only analytical solution and flow models increases. 

• In all cases, the conduction-only analytical solution results in slower glass cooling 
compared to the flow model predictions once cavity resaturation has been reached. 

• The use of conduction-only analytical solutions coupled with a starting glass zone 
temperature equal to hydrostatic pressures at the bottom of the glass zone should 
always provide a reasonable yet conservative estimate of glass cooling rates for 
saturated tests. 

• The glass zone temperature history based on the conduction-only analytical solution 
will result in a reasonable yet conservative estimate of glass dissolution rates for 
saturated tests. 
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Appendix H. Predicting Radionuclide Sorption for the Climax Stock with Mechanistic 
Geochemical Models 

The apparent differences in reported sorption behavior between the Climax stock and 
other granites are significant when considered in the context of calculating a representative 
Kd and associated statistics for 41Ca and 151Sm. To successfully predict radionuclide sorption 
onto the Climax granite with a mechanistic sorption model, a representative mineralogy for 
the Climax stock must be determined rather than using a ‘generic’ granite mineralogy for this 
purpose. Two-column transport studies were completed with rock collected from the Climax 
stock (Failor et al. 1982; Treyer and Raybold, 1982). However, the Failor et al. (1982) 
project report did not provide enough information to develop a numerical model 
representation of their dataset. The Treyer and Raybold (1982) study did contain enough 
hydraulic and geochemical information, and a reactive transport model was developed to 
simulate their experiments, thereby validating the use of a mechanistic sorption model to 
calculate radionuclide Kd parameters for the Climax stock. 

Calculations of representative Kd parameters were accomplished with the CRUNCH 
code (an updated version of the OS3D/GIMRT code) (Steefel and Yabusaki, 1995). Sorption 
to matrix minerals and aqueous speciation was accomplished directly in the CRUNCH code 
based on surface complexation, ion exchange, and aqueous speciation thermodynamic 
parameters and mineral characteristics reported in Zavarin and Bruton (2004a,b) and Zavarin 
et al. (2004). Details regarding the surface complexation and ion exchange modeling 
approach and the relevant surface complexation, ion exchange, and speciation constants can 
be found in those and other recent model validation efforts (Zavarin et al., 2002). Minerals 
addressed in the surface complexation/ion exchange model included iron oxide, smectite, 
clinoptilolite, illite/mica, and calcite. Radionuclides evaluated in the model included 41Ca, 
59,63Ni, 90Sr, 135,137Cs, 151Sm, 150,152,154Eu, 232,233, 234,235,236,238U, 237Np, 238,239,240,241,242Pu, and 
241Am. The surface complexation of Ni was added only recently to the database of sorption 
reactions (see Tompson et al., 2005). The water chemistry and rock mineralogy used in the 
model are presented in detail below. Mineral characteristics (surface area, ion exchange 
capacity, etc.) were taken directly from Zavarin et al. (2002). 

Two approaches were used to estimate 41Ca and 151Sm Kd values for Climax granite. 
In one, a water-rock reactor is simulated using mineralogic analyses and the experimentally 
derived Kd values for other elements are compared to predicted values. In the other, the 
column experiments of Treyer and Raybold (1982) are simulated, fitting the calculations to 
observed breakthrough curves. Results from these two approaches are described below. 

Comparative Kd Analysis with Available Mineralogical Analyses 
The first approach introduced above was to incorporate the available mineralogy from 

Connolly (1981) and Ryerson and Qualheim (1983) and the groundwater chemistry reported 
in Table 5-6 and then calculate a Kd for each radionuclide in a simulated water-rock reactor. 
The calculation results for mineralogy reported by Connolly are presented in Table H-1 and 
Figure H-1. Each alteration type reported in Connolly (1981), Table 5-11, as well as an 
average of the five alteration types, was used as a basis for the CRUNCH calculations. The 
Kd values for Cs are comparable to those determined experimentally on Climax granite 
(Table 5-14). The remaining radionuclide Kd values are generally lower than observed 
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experimentally on the Climax granite, but are comparable to Kd values reported for other 
granites. The CRUNCH calculations using the mineralogy reported in Ryerson and Qualheim 
(1983) are presented in Table H-2 and Figure H-2 showing similarity to the results using the 
Connolly (1981) mineralogy. 

 
Table H-1.  CRUNCH calculated Kd parameters using mineralogy reported in Connolly (1981). 

Log Kd, mL/g 
Alteration Type 41Ca Cs Sr Ni Sm Eu Am Np Pu U 

Argillic -0.13 3.12 -0.33 1.63 3.12 2.66 2.76 0.04 1.73 0.24
Deuteric 0.02 2.98 -0.27 1.94 2.25 2.05 2.54 -0.81 1.18 -0.53
Potassic -0.30 3.25 -0.35 0.52 2.90 2.40 2.44 -0.21 1.32 -1.90

Propylitic 0.20 3.03 -0.12 2.16 2.63 2.36 2.78 -0.42 1.51 -0.01
Rhyllic 0.02 3.53 -0.05 1.26 2.88 2.40 2.49 -0.23 1.34 -1.20

Averaged mineralogy all types -0.01 3.23 -0.21 1.77 2.84 2.42 2.63 -0.25 1.46 -0.21
           

Average (not including averaged min) -0.03 3.19 -0.22 1.55 2.77 2.38 2.61 -0.31 1.42 -0.60
Standard Deviation 0.17 0.20 0.12 0.59 0.30 0.20 0.14 0.29 0.19 0.81
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Figure H-1.  Box plot of computed Log Kd values from mineralogy reported in Connolly (1981) using 

the representative groundwater chemistry given in Table 5-6. 
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Table H-2.  CRUNCH-calculated Kd parameters using mineralogy reported in Ryerson and 
Qualheim (1983). 

Log Kd, mL/g Sample 41Ca Cs Sr Ni Sm Eu Am Np Pu U 
1 -0.15 3.11 -0.34 1.62 2.50 2.10 2.38 -0.59 1.12 -0.85
2 -0.25 3.13 -0.39 1.39 2.16 1.79 2.11 -0.94 0.83 -1.07
3 -0.33 3.08 -0.45 1.22 2.59 2.12 2.26 -0.52 1.08 -1.25
4 -0.44 2.92 -0.58 1.22 2.06 1.67 1.97 -1.03 0.70 -1.25
5 -0.25 2.86 -0.49 1.62 2.18 1.87 2.27 -0.90 0.95 -0.85
6 0.02 2.92 -0.29 1.96 2.29 2.08 2.56 -0.77 1.20 -0.51
7 -0.21 2.98 -0.43 1.62 2.09 1.81 2.24 -0.99 0.91 -0.85
8 -0.58 2.87 -0.68 0.92 1.76 1.37 1.66 -1.33 0.40 -1.55
9 -0.33 2.80 -0.57 1.52 2.04 1.75 2.16 -1.04 0.83 -0.95

10 -0.15 3.00 -0.38 1.70 2.18 1.90 2.32 -0.90 0.99 -0.77
11 -0.44 2.92 -0.58 1.22 2.06 1.67 1.97 -1.03 0.70 -1.25
12 -0.25 3.00 -0.44 1.52 2.15 1.82 2.19 -0.94 0.88 -0.95
13 -0.11 2.85 -0.40 1.82 2.28 2.01 2.44 -0.80 1.11 -0.65
14 -0.44 2.73 -0.67 1.39 2.11 1.75 2.09 -0.98 0.80 -1.07
15 -0.43 2.94 -0.57 1.22 1.85 1.52 1.89 -1.24 0.58 -1.25
16 0.05 3.07 -0.22 1.96 2.46 2.17 2.59 -0.62 1.26 -0.51
17 -0.45 2.90 -0.60 1.22 1.60 1.37 1.83 -1.47 0.48 -1.25

averaged mineralogy -0.24 2.96 -0.46 1.57 2.21 1.87 2.24 -0.88 0.93 -0.90
           

Average (not including averaged min) -0.28 2.95 -0.48 1.48 2.14 1.81 2.17 -0.95 0.87 -0.99
Standard Deviation 0.18 0.11 0.13 0.29 0.25 0.25 0.26 0.25 0.25 0.29
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Figure H-2.  Box plot of computed Log Kd values from mineralogy reported in Ryerson and 

Qualheim, 1983 using the representative groundwater chemistry given in Table 5-11. 
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Modeling of Laboratory-scale Radionuclide Column Experiments with Climax Granite 
The second approach taken to calculate representative Kd parameters was to model 

the column transport experiments reported in Treyer and Raybold (1982). Treyer and 
Raybold performed four separate experiments with Climax stock granite obtained from the 
Pile Driver drift tailings dump. This material was crushed and sieved prior to packing into 
columns. A synthetic groundwater solution was prepared following the recipe given in Erdal 
et al. (1979) after Feth et al. (1964) (H-3). The radionuclide tracers used in the experiments 
were Cs, Sr, Tc, and Ba. 
 
Table H-3.  Geochemical analysis for the synthetic groundwater used by Treyer and Raybold (1982) 

(1982) in their column transport experiments. 

Cations mg/L  Anions mg/L 
Na 7.6  Cl 2.3 
Ca 13.71  SO4 4.5 
K 3.85  Alkalinity 64.5 

Mg 2.26  F 0.2 
Fe 0.09    
Li 0.025  pH 8.38 
   SiO2, mg/L 8.95 

 
Four different mineralogy combinations were used in conjunction with the water 

chemistry reported in Table H-3 to represent the breakthrough results presented in the Treyer 
and Raybold (1982) report. The mineralogy reported by Connolly (1981) and Ryerson and 
Qualheim (1983) was used as a basis for these simulations. Because CRUNCH does not 
explicitly model the sorption contributions of biotite and muscovite, the mineral mass 
fractions of these ion exchange minerals were summed together. This sum was then divided 
by a factor of 10 and served as a proxy for illite. Similarly, CRUNCH does not explicitly 
account for the contributions from chlorite, and therefore chlorite was added together with 
smectite. The volume fractions reported by both references were converted to mass fractions 
by assuming that in both cases the volume percent values reported did not account for 
porosity following standard petrographic reporting procedures. As a caveat, if this is not 
correct, the highest porosity reported for the samples in these references is three percent, and 
therefore the error in mineral mass fraction estimates is negligible. Following this 
methodology, the average mineralogy of the alteration types reported in Connolly (1981) 
produced approximate model breakthrough curves for Sr and Cs compared to the Treyer and 
Raybold (1982) experimental results, Figure H-3. Similarly, the CRUNCH-calculated 
breakthrough results using the Ryerson and Qualheim (1983) mineralogy (Figure H-4) and 
the XRD gross mineralogy in Treyer and Raybold (1982) (Figure H-5) approximate the 
experimental results. An additional set of CRUNCH simulations were run to attempt to 
provide an improved fit between the modeled and observed breakthrough results using a 
mineralogy chosen on the basis of the reported mineralogy and the model results given in 
Figure H-3 through Figure H-5 and Table H-4. These model results are presented in Figure 
H-6 and provide generally improved overall representations of the observed breakthrough 
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behavior for all four column experiments over the use of the Connolly (1981), Ryerson and 
Qualheim (1983), and Treyer and Raybold (1982) mineralogy.  

In spite of not providing perfect representations of the experimental results, the 
CRUNCH simulations presented are successful in providing useful approximations to the 
retardation behavior of the radionuclides under consideration. The very large range in Kd for 
any of the radionuclides reported in the literature is accommodated by the largest differences 
in breakthrough behavior between modeled and observed in Figures H-3 through H-6. A 
tabulation of the calculated Kd values for each of these numerical experiments is given in 
Table H-5. Suggested variances on these calculated Kd values are those from the combined 
Climax stock and worldwide granite literature search presented in Table 5-13. 
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Figure H-3.   Cs and Sr modeled breakthrough for the Treyer and Raybold (1982) experiments using 

the averaged Connolly (1981) mineralogy: (a) CS7, (b) CS5-1, (c) CS5-2, and 
(d) CS5-3. 
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Figure H-4.   Cs and Sr modeled breakthrough for the Treyer and Raybold (1982) experiments using 

the averaged Ryerson and Qualheim (1983) mineralogy: (a) CS7, (b) CS5-1, (c) CS5-2, 
and (d) CS5-3. 
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Figure H-5.   Cs and Sr modeled breakthrough for the Treyer and Raybold (1982) experiments using 

the XRD mineralogy reported therein for CS7 and CS5: (a) CS7, (b) CS5-1, (c) CS5-2, 
and (d) CS5-3. 
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Figure H-6.   Cs and Sr modeled breakthrough for the Treyer and Raybold (1982) CS7 experiment 

using the mineralogy reported in Table 5-24: (a) CS7, (b) CS5-1, (c) CS5-2, and 
(d) CS5-3. 
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Table H-4.  Mineral volume and mass percentages for CRUNCH transport simulations of the Treyer 
and Raybold (1982) column experiments. 

Mineral Volume % Calculated Mineral Mass % from Vol % 

Mineralogy Origin Test ID 
Column 
Porosity Calcite Hematite Mica Smectite Calcite Hematite Mica Smectite 

Connolly (1981)          

 CS7 0.556 1.76E-02 4.97E-04 5.46E-03 3.18E-03 4.26 0.23 1.38 0.81 

 CS5_1 0.566 1.72E-02 4.86E-04 5.34E-03 3.11E-03 4.26 0.23 1.38 0.81 

 CS5_2 0.586 1.64E-02 4.64E-04 5.09E-03 2.97E-03 4.26 0.23 1.38 0.81 

 CS5_3 0.630 1.47E-02 4.14E-04 4.55E-03 2.65E-03 4.26 0.23 1.38 0.80 

Ryerson and Qualheim (1983)          

 CS7 0.556 3.08E-03 0 2.89E-03 1.98E-03 0.75 0 0.74 0.50 

 CS5_1 0.566 3.01E-03 0 2.83E-03 1.94E-03 0.75 0 0.74 0.50 

 CS5_2 0.586 2.87E-03 0 2.70E-03 1.85E-03 0.75 0 0.74 0.50 

 CS5_3 0.630 2.57E-03 0 2.41E-03 1.65E-03 0.75 0 0.74 0.50 

Treyer and Raybold (1982)          

 CS7 0.556 0 0 9.84E-04 9.84E-03 0 0 0.25 2.50 

 CS5_1 0.566 0 0 1.93E-03 1.93E-02 0 0 0.50 5.00 

 CS5_2 0.586 0 0 1.84E-03 1.84E-02 0 0 0.50 5.00 

 CS5_3 0.630 0 0 1.64E-03 1.64E-02 0 0 0.50 5.00 

Selected mineral assemblage          

 CS7 0.556 0 0 6.92E-04 1.91E-02 2.00 0.10 0.18 4.82 

 CS5_1 0.566 0 0 6.76E-04 1.86E-02 2.00 0.10 0.18 4.82 

 CS5_2 0.586 0 0 6.45E-04 1.78E-02 2.00 0.10 0.18 4.82 

 CS5_3 0.630 0 0 5.77E-04 1.59E-02 2.00 0.10 0.18 4.82 
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Table H-5.  Calculated Kds for the CRUNCH-simulated BTCs for the Treyer and Raybold (1982) 
column experiments. 

  Log Kd mL/g 

Mineralogy Test 41Ca Cs Sr Ni Sm Eu Am Np Pu U 

Connolly (1981)            

 CS7 0.86 3.63 0.67 2.07 3.43 2.98 3.28 0.38 1.93 0.45 

 CS5_1 0.86 3.63 0.67 2.07 3.43 2.98 3.28 0.38 1.93 0.45 

 CS5_2 0.86 3.63 0.67 2.07 3.43 2.98 3.28 0.38 1.93 0.45 

 CS5_3 0.86 3.63 0.67 2.07 3.43 2.98 3.28 0.38 1.93 0.45 

Ryerson and Qualheim (1983)            

 CS7 0.62 3.35 0.42 1.87 2.83 2.47 2.92 -0.34 1.32 -0.38 

 CS5_1 0.62 3.35 0.42 1.87 2.83 2.47 2.92 -0.34 1.32 -0.38 

 CS5_2 0.62 3.35 0.42 1.87 2.83 2.47 2.92 -0.34 1.32 -0.38 

 CS5_3 0.62 3.35 0.42 1.87 2.83 2.47 2.92 -0.34 1.32 -0.38 

Treyer and Raybold XRD (1982)            

 CS71 1.11 2.89 0.73 2.56 3.12 2.95 3.54 -0.22 1.80 0.32 

 CS5_1 1.14 4.19 1.09 1.86 2.42 2.26 2.84 -0.92 1.10 -0.38 

 CS5_2 1.14 4.19 1.09 1.86 2.42 2.26 2.84 -0.92 1.10 -0.38 

 CS5_3 1.14 4.19 1.09 1.86 2.42 2.26 2.84 -0.92 1.10 -0.38 

Selected mineral assemblage            

 CS7 1.38 2.75 0.99 2.85 3.56 3.31 3.85 0.34 2.18 0.69 

 CS5_1 1.38 2.75 0.99 2.85 3.56 3.31 3.85 0.34 2.18 0.69 

 CS5_2 1.38 2.75 0.99 2.85 3.56 3.31 3.85 0.34 2.18 0.69 

 CS5_3 1.38 2.75 0.99 2.85 3.56 3.31 3.85 0.34 2.18 0.69 
1The Kd results for the Treyer and Raybold (1982) CS7 simulation are different from those for the CS5-1, -2 and 
-3 simulations because the reported mineralogy for CS7 and CS5 is significantly different (Table H-4).  In the 
other three mineralogy experiments, the same mineral assemblage was used to represent all four Treyer and 
Raybold (1982) experiments, and therefore the calculated Kd values are the same for each experiment for each 
respective mineral assemblage reference. 
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