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5  THERMAL MODEL 
 

5.1  Analytic Solution 
 
The one-dimensional analytic solution Shan and Bodvarsson (2004) developed is used for the 
thermal model in this report.  Bodvarsson, et al. (2003) used the same analytic solution.  For 
comparison, Sandia National Laboratories (2007a) used a three-dimensional mountain-scale 
numerical model to consider the effects of water movement on temperature across Yucca 
Mountain and Rousseau, et al. (1999) used a two-dimensional wash-scale numerical model to 
consider heat flow near boreholes UZ #4 and UZ #5 in Pagany Wash. 
 
The analytic solution considers conduction in several homogeneous layers plus advection by 
moving liquid water.  The analytic solution in layer i has the form 
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where T is temperature [K], v is percolation flux [L/T], z is the (downward) vertical coordinate [L], 
K is thermal conductivity [J/TLK], ρw is liquid water density [M/L3], and cw is the specific heat 
capacity [J/MK] of water.  Shan and Bodvarsson (2004) specify a value of 4.18 × 106 J/m3/K 
[62.3 BTU/ft3/°F] for ρw cw (used for the analyses in this report).  The C coefficients are integral 
constants for each layer, determined by imposing continuity of temperature and heat flux at the 
layer interfaces plus imposed temperature or heat flux boundary conditions.  For fixed top (T0) 
and bottom (TB) temperatures 
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where dn is the total thickness of the N layers.
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The analytic solution is not defined when v = 0 (pure conduction).  The pure-conduction analytic 
solution consists of linearly varying temperatures between layer boundaries, with the 
temperature gradient in layer i of M layers defined by 
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where T0 and TB are the boundary temperatures and bj is the thickness of layer j. 
 
5.2  Sensitivity to Model Inputs 
 
The sensitivity of the analytic solution to model inputs is illustrated in Figure 5-1.  In the two 
upper panels of the figure, percolation fluxes between 0 and 50 mm/yr [0 and 2 in/yr] are used 
for simulations with homogeneous thermal conductivities of 0.5, 1, and 2 W/m-K [0.29, 0.58, and 
1.16 BUT/hr/ft/°F] (representative of dry nonwelded, moderately welded, and wet densely 
welded Yucca Mountain tuffs, respectively).  In the upper and lower panels of the figure, a set of 
two-layer simulations with no percolation fluxes are shown with the same thermal conductivity in 
the upper half of the domain but with a reduced thermal conductivity in the lower half of the 
domain.  The same mean temperature gradient between top and bottom is used for each case, 
but the temperatures are offset for visual clarity; the gradient is typical of Yucca Mountain.  The 
layer thickness in the lower panels is comparable to the thickness of the Topopah Spring 
welded (TSw)1 unit at Yucca Mountain. 
 
The offset between the simulation with pure conduction (no percolation) and a simulation with 
percolation is proportional to percolation rate for a given thermal conductivity and inversely 
proportional to the thermal conductivity for a given percolation rate over the range of fluxes 
considered.  Comparing the two upper panels, it is clear that increasing the total domain 
thickness leads to an increased thermal perturbation due to percolation flux, which in turn leads 
to more sensitive estimates for the percolation flux.  Temperature measurements accurate to 
small fractions of a degree may be necessary to clearly distinguish between different percolation 
fluxes in the thin domain, even assuming that the material properties are known perfectly. 
 
Figure 5-1 also illustrates the sensitivity of the solution to contrasts in thermal properties.  In the 
two-layer conduction-only example, the solution is only sensitive to the ratio of thermal 
conductivities, not the absolute values of the thermal conductivity like the case with different 
percolation fluxes. 
 
This contrasting behavior implies that uncertainties in thermal conductivity may affect estimates 
of percolation fluxes when comparing observed and calculated temperatures.  For example, if 
the actual domain has a thickness of 300 m [984 ft], has a uniform thermal conductivity of 
2 W/m-K [1.16 BTU/hr/ft/°F], and has a percolation flux of 15 mm/yr [0.59 in/yr], but the lower 
layer is assigned an estimated thermal conductivity that is 1.7 W/m-K [0.98 BTU/hr/ft/°F] 
(15 percent lower), observed temperatures and calculated temperatures would be closest using 
calculated percolation fluxes of approximately 0 mm/yr [0 in/yr].  A systematic underestimate for 
thermal conductivity low in the domain will tend to lead to corresponding underestimates of 
percolation fluxes, whereas a systematic overestimate will tend to corresponding overestimates  
 

                                                 
1Topopah Spring welded is used frequently throughout this report; therefore, the acronym TSw will be used. 
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Figure 5-1.  Response of a Temperature Profile to Percolation Flux in a Single 
Homogeneous Layer (Top and Middle) and to Thermal Conductivity in Two Homogeneous 

Layers (Top and Bottom) [1 m = 3.28 ft; 25.4 mm/yr = 1 in/yr] 
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of percolation fluxes.  The confounding effect from thermal conductivity uncertainty increases for 
thinner domains and decreases for less conductive domains. 
 
5.3  Input Parameters at Boreholes 
 
The analytic model requires layer thickness and thermal conductivity for each layer. 
 
Lithostratigraphic information comes from the input files for the GFM2000 geologic framework 
model (Bechtel SAIC Company, LLC, 2004a), which contains observed contact depths for each 
layer in each borehole in a file called contacts00md.dat.  Contact information cannot be 
observed below the borehole completion depth; where borehole information is incomplete, 
contact estimates from the gridded GFM2000 contacts were interpolated to the borehole 
coordinates in the GFM2000 contact file. 
 
The U.S. Nuclear Regulatory Commission analytic model uses independent estimates of 
lithologic-layer-wide thermal conductivity, using the rationale and procedure described in 
Appendix C.  The estimates are derived from core sample measurements by Sass, et al. (1988), 
supplemented with core sample measurements by Brodsky, et al. (1997).  This section briefly 
describes the thermal conductivity layer-averaged estimates used for the analytic model and 
compares them to the U.S. Department of Energy thermal conductivity layer-averaged 
estimates derived by Bechtel SAIC Company, LLC (2004d,e). 
 
The Sass, et al. (1988) measurements were made under approximately in-situ moisture 
conditions (i.e., on core samples that were sealed shortly after removal from the borehole), and 
samples were obtained from 30 of the 46 GFM2000 layers.  These samples include 44 from the 
repository horizon and overlying layers and 147 from GFM2000 layers below the repository 
horizon (representing all but 3 of the underlying layers).  The samples were obtained from 
boreholes G-1, G-2, G-3, and G-4, representing a north-south transect across 7.9 km [4.9 mi].   
 
The Brodsky, et al. (1997) measurements were made to support development of a thermal 
model describing the response of host-rock thermal conductivity under the wide range of 
thermal and moisture conditions induced by repository heating.  The measurements were made 
for several moisture conditions that were not intended to be representative of in-situ conditions.  
Near-field responses are sensitive to thermal conductivity near the repository heat source and 
are relatively insensitive to thermal conductivity far from the repository horizon, especially near 
fixed-temperature boundaries.  The Brodsky, et al. (1997) core samples were obtained from 
boreholes NRG-4, NRG-5, NRG-6, and NRG-7a, representing an east-west transect 
across 1.2 km [0.75 mi].  These samples represent 15 GFM2000 layers in the repository 
horizon and overlying layers.  The Brodsky, et al. (1997) measurements are qualified under the 
U.S. Department of Energy quality assurance program. 
 
Bechtel SAIC Company, LLC (2004d,e) uses a subset of the Brodsky, et al. (1997) 
measurements, supplemented with measurements by Sandia National Laboratories (1998) on 
samples from within the repository horizon and the Calico Hills formation, to estimate thermal 
conductivity as a function of saturation for the 46 GFM2000 layers.  A common thermal 
conductivity model was used for all layers, with eight different parameter sets used to describe 
individual layers.  Bechtel SAIC Company, LLC (2004e) derived a separate parameter set for 
each of the four repository-horizon layers.  Bechtel SAIC Company, LLC (2004d) derived four 
additional parameter sets, described as the welded, vitric, nonwelded, and calico 
characterizations, to describe the remaining 42 layers. 
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Table C–1 summarizes the thermal conductivity models from Bechtel SAIC Company, LLC 
(2004d,e), the measured thermal conductivity values, and the thermal conductivity estimated by 
combining the Sass, et al. (1988) data with the Brodsky, et al. (1997) measurements.  The 
model estimates tend to be quite similar in and above the repository horizon, which is expected 
because the combined model relies on the Brodsky, et al. (1997) measurements for many of 
these layers.  The model estimates are also similar in the Calico Hills units that Bechtel SAIC 
Company, LLC (2004d) describes using samples Sandia National Laboratories (1998) 
measured (note that these samples were not used to derive the independent thermal 
conductivity estimates).  The samples Sass, et al. (1988) measured tend to be somewhat more 
conductive than the Bechtel SAIC Company, LLC (2004d) estimates for all other layers below 
the repository horizon, which is reflected in the relatively more conductive independent 
estimates for these layers. 
 
The Bodvarsson, et al. (2003) thermal model used conductivity estimates for entire 
thermohydrological units or large subsections of a unit.  For comparison with values in  
Table C–1, the Bodvarsson, et al. (2003) thermal conductivity values are 1.89, 0.66, 1.70, 2.29, 
and 1.20 W/m-K [1.09, 0.38, 0.98, 1.32, and 0.69 BTU/hr/ft/°F] for their Tiva Canyon welded, 
Paintbrush nonwelded (PTn),2 TSw1, TSw2, and Calico Hills nonwelded layers, respectively. 
 
5.4  Temperature Profiles at Boreholes 
 
The Sass, et al. (1988) temperature measurements provide a set of observations from profiles 
obtained relatively soon after borehole emplacement.  The boreholes with Sass, et al. (1988) 
temperature profiles generally reach the saturated zone.  Many of the temperature profiles have 
a characteristic that is desirable for estimating percolation fluxes:  the profiles extend through 
the thick unsaturated zone to the saturated zone (and in some cases deep into the saturated 
zone).  Most of the boreholes have observations over more than 400 m [1,300 ft] to as much as 
730 m [2,400 ft].  However, the observations were generally not repeated or only repeated a few 
times and may be separated by up to 60 m [200 ft] within a borehole.  Observations within the 
unsaturated zone were generally made in a water-filled access tube plugged at the bottom, 
although the access tube is not grouted into the borehole so thermal contact with the host rock 
may be indirect.  Observations in UZ-1 and the WT series of boreholes were made in air, which 
Sass, et al. (1988) describe as prone to higher measurement errors than observations in water.  
Sass, et al. (1988) estimate measurement error in air of approximately 0.1 °C [0.18 °F] in 
boreholes with convecting air, with undetectable errors as much as 1 °C [1.8 °F] for long-period 
disturbances of tens to hundreds of minutes.  Note that 0.1 °C [0.18 °F] is approximately 
1 percent of the typical temperature difference across the thickness of the unsaturated zone.   
 
Sass, et al. (1988) do not tabulate the temperature measurements.  Temperature profiles used 
in this analysis were digitized from Sass, et al. (1988) figures, with an estimated digitization 
error on the order of 0.1 °C [0.18 °F].  The G, H, and most of the WT series boreholes are used 
for the thermal analysis, as these are relatively deep boreholes within or near the Infiltration 
Tabulator for Yucca Mountain (ITYM)3 infiltration domain. 
 
Typical digitized temperature profiles for a north-south profile are shown in Figure 5-2.  The type 
of unit is indicated by the color of the line connecting symbols; in general, the temperature  
 
                                                 
2Paintbrush nonwelded is used frequently throughout this report; therefore, the acronym PTn will be used. 
3Infiltration Tabulator for Yucca Mountain is used frequently throughout this report; therefore, the acronym ITYM will 
be used. 



 

 
 

5-6

 

Figure 5-2.  Digitized Temperatures in Boreholes Aligned North to South [5 m = 16.4 ft] 
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gradient is steeper for units that are less welded.  The profiles all tend to fall in a group, with 
boreholes G-2 and (to a certain extent) WT #6 forming warm outliers.  The G-2 and WT #6 
boreholes are on the north side of a large hydraulic gradient, whereas the other boreholes are 
on the south side of the large hydraulic gradient.  Note that the symbols are coded to allow 
visual comparison by north-south coordinate (outer line color), east-west coordinate (fill color), 
unsaturated-zone thickness (symbol size), and landscape position (symbol shape). 
 
The temperature profiles have a wider spread and consistent trend in the east-west direction, as 
indicated in Figure 5-3.  Temperatures are generally cooler in the east compared to the west.  
Boreholes G-2 and WT #6 are shown for reference to Figure 5-2.  Temperature profiles in the G 
and H series boreholes, with temperatures measured in water-filled access tubes, are indicated 
in Figure 5-4.  Note that all of the H series boreholes have less than 5 m [16 ft] of alluvial cover; 
only G-2, G-3, and WT #18 share this characteristic out of the other plotted boreholes. 
 
Dedicated sensors in close contact with the host rock provide temperature measurements in the 
six boreholes with Q data used to qualify the Sass, et al. (1988) temperature data.  Boreholes 
NRG-6, NRG-7a, UZ #4, and UZ #5 are in the North Ramp area of the Exploratory Studies 
Facility, and boreholes SD-12 and UZ-7a are in the central portion of the Main Drift area of the 
Exploratory Studies Facility.  Borehole SD-12 has more than 400 m [1,300 ft] of temperature 
observations; boreholes NRG-6, NRG-7a, and UZ-7a have approximately 200 m [660 ft] of 
temperature observations; and boreholes UZ #4 and UZ #5 have less than 100 m [330 ft] of 
temperature observations below the depth experiencing seasonal temperature fluctuations. 
 
None of these six boreholes have temperature observations at the water table.  To increase the 
effective thickness of the domain considered for these boreholes using the NRC thermal model, 
temperatures were estimated at the water table for each of these boreholes by linearly 
interpolating between two or three boreholes using the Sass, et al. (1988) temperature 
observations.  The North Ramp boreholes are located in an area inferred to have relatively 
uniform water table elevation and temperature, readily allowing interpolation, and UZ-7a is close 
to WT-2, which has measurements for both water table and water table temperature.  Borehole 
SD-12 is assigned the same water table elevation as nearby WT-2 because the water table is 
nearly horizontal in this area, but is assigned a slightly warmer water table temperature because 
temperatures west of SD-12 are warmer than at WT-2. 
 
Interpolation errors result in errors in estimating percolation fluxes.  Inferred percolation fluxes 
using the analytic solution are equally sensitive to a change in water table elevation of 1 percent 
of the domain thickness and a change in water table temperature of 1 percent.  A borehole with 
a temperature difference of 20 °C [36 °F] over 500 m [1,640 ft], values representative of the 
Yucca Mountain boreholes, would have percolation flux estimates equally sensitive to a change 
in water table temperature  of 0.2 °C [0.36 °F] and a change in water table elevation of 5 m 
[16.4 ft].  The water table elevation is nearly horizontal over most of the area, so it can be 
interpolated to within a few tenths of a meter, whereas temperature may differ by up to a few 
tenths of a degree Celsius using linear interpolation with different sets of boreholes.  Based on 
this example, uncertainty in temperature estimates at Yucca Mountain induces approximately an 
order of magnitude more uncertainty in percolation flux estimates than uncertainty in water 
table elevation. 
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Figure 5-3.  Digitized Temperatures in Boreholes Aligned East to West [5 m = 16.4 ft] 
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Figure 5-4.  Digitized Temperatures in Boreholes With Water-Filled Access Tubes 
[5 m = 16.4 ft] 
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Sandia National Laboratories (2007a, Section 6.3) describes a related procedure for estimating 
temperatures at the water table using the Sass, et al. (1988) observations.  Borehole 
temperatures are estimated by interpolating within the temperature profiles by Sandia National 
Laboratories (2007a, Figures 6.3-2 through 6.3-6), with a mean deviation of 1.2 °C [2.2 °F]. 
 
5.5  Estimated Borehole Fluxes 
 
Each of the temperature profiles estimated using the analytic solution and associated inputs is 
presented in a separate figure in Appendix B.  Features of the approach are discussed for 
several representative figures in this section.  Estimated percolation and heat fluxes for each 
borehole are presented at the end of the section, as well as a comparison to estimates from 
Bodvarsson, et al. (2003) and Stothoff (2008a). 
 
Figures 5-5 through 5-8 summarize pertinent information related to boreholes SD-12, NRG-6, 
NRG-7a, and G-2, respectively.  All of the borehole figures with temperature profiles have the 
same general seven-panel format shown in Figure 5-5.  The hydrologic information presented in 
the figures is the same as that presented in the geochemical figures in Section 3.3. 
 
The percolation flux value (marked A in Figure 5-5) providing the smallest root-mean-square 
difference between analytic solution and observed temperature is indicated next to the color 
scale in the leftmost panel.  The corresponding root-mean-square difference (marked B in 
Figure 5-5) is defined both as a temperature difference and (in parentheses) as a fraction of the 
temperature difference between the top and bottom of the solution.  Sensitivity of the 
root-mean-square difference to percolation flux is indicated by the numbers flanking the 
percolation flux value marked by A.  These numbers are the percolation fluxes that yield a 
root-mean-square difference 10 percent larger than the minimum difference. 
 
The degree to which the analytic solution agrees with the observed values can be assessed by 
visually comparing the observations with a family of analytic solutions formed by varying the 
percolation flux from 0 to 60 mm/yr [0 to 2.4 in/yr] and holding the boundary temperatures and 
thermal conductivity fixed.  The leftmost panel provides a direct comparison.  The second panel 
provides a more direct way of assessing whether the analytic solution systematically deviates 
from the observed values at different borehole locations.  If the analytic solution matches the 
observed values, the vertical line in the second panel consistently intersects each row of 
symbols the same fraction of the distance between left and right ends.  Local lateral flow, air 
movement, and misrepresented thermal conductivity values may result in systematic changes in 
the intersection point, indicated by waviness in the stack of symbols.  The C and D marks 
indicate an example that suggests (i) downward water fluxes may be slightly higher at the base 
of the PTn (marked by C in Figure 5-5) than inside the potential repository host horizon (marked 
by D in Figure 5-5); (ii) convergent or divergent water movement may be occurring; (iii) diffusive 
heat flux may be diverging below the PTn (i.e., three-dimensional diffusion, which is not 
accounted for with the analytic solution); or (iv) thermal conductivity values through the profile 
may not completely represent actual field conditions.
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Figure 5-5.  Percolation Flux Estimates, Temperature, and Thermohydrologic Properties for SD-12 [1 m = 3.28 ft;  
°C = (°F−32) H (5/9); 1 mW/m2 = 2.78 BTU/yr/ft2; 25.4 mm/yr = 1 in/yr] 

Black Temperature Profiles Digitized 
From Sandia National Laboratories 
(2007a, Figure 6.3-4) 
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Figure 5-6.  Percolation Flux Estimates, Temperature, and Thermohydrologic Properties for NRG-6 [1 m = 3.28 ft;  
°C = (°F−32 H (5/9); 1 mW/m2 = 2.78 BTU/yr/ft2; 25.4 mm/yr = 1 in/yr] 

Black Temperature Profiles Digitized 
From Sandia National Laboratories 
(2007a, Figure 6.3-2) 
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Figure 5-7.  Percolation Flux Estimates, Temperature, and Thermohydrologic Properties for NRG-7a 
[1 m = 3.28 ft; °C = (°F−32) H (5/9); 1 mW/m2 = 2.78 BTU/yr/ft2; 25.4 mm/yr = 1 in/yr] 

Black Temperature Profiles Digitized 
From Sandia National Laboratories 
(2007a, Figure 6.3-3) 
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Figure 5-8.  Percolation Flux Estimates, Temperature, and Thermohydrologic Properties for G-2 
[1 m = 3.28 ft; °C = (°F−32) H (5/9); 1 mW/m2 = 2.78 BTU/yr/ft2; 25.4 mm/yr = 1 in/yr] 
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The symbols in the temperature panel represent temperature observations.  Circles denote 
observations that are used to estimate root-mean-square deviation.  Observations are not used 
if they appear to be affected by measurement error, lateral flow, or evaporation.  All of the 
observations in SD-12 are used; unused observations in other boreholes are denoted by gray 
diamonds.  Observations above the PTn zones are typically neglected because the thermal 
conductivity distribution may not be well represented, lateral flow may be significant, and air 
movement within the unsaturated zone may influence the temperature profile as a result of 
evaporation.  These factors are not captured with the one-dimensional analytic solution.  The 
observations are retained if these factors do not appear to significantly affect the temperatures. 
 
The independently estimated thermal conductivity values used with the analytic solution are 
indicated by the reddish lines in the thermal conductivity panel.  For comparison, the wet and 
dry Bechtel SAIC Company, LLC (2004d,e) bulk thermal conductivities are indicated by blue 
and brown lines, respectively.  Bechtel SAIC Company, LLC (2004d,e) also estimated local 
variability about the mean values; the shaded area about each estimate indicates one standard 
deviation above and below the estimate for local variation. 
 
The heat flux panel shows the profiles of convective flux (blue line), upward conductive flux 
(brown line), and total upward heat flux (purple line) for the percolation flux with smallest 
root-mean-square deviation.  For reference, the upward conductive flux profile is shown for each 
of the considered percolation fluxes. 
 
Figure 5-9 graphically presents the new estimates, the Bodvarsson, et al. (2003) estimates that 
use the same analytic solution, and estimated areal-average median mean annual infiltration 
within a 50-m [164-ft] radius of the borehole under present-day climatic conditions using the 
ITYM code (Stothoff, 2008a).  The ITYM estimate is indicated by the inner 50-m [164-ft] radius 
circle, which is centered on the borehole.  Table 5-1 summarizes estimated fluxes for each 
borehole, and Table 5-2 compares calculated fluxes for the boreholes with the Bodvarsson, et 
al. (2003) estimates. 
 
The Bodvarsson, et al. (2003) estimates are within 5 mm/yr [0.2 in/yr] of the new estimates for 
13 boreholes, are >5 mm/yr [>0.2 in/yr] larger for 5 boreholes, and are >5 mm/yr [>0.2 in/yr] 
smaller for 8 boreholes.  The reported Bodvarsson, et al. (2003) root-mean-square difference 
between analytic solution and observations is within 0.05 °C [0.09 °F] of the new estimates for 5 
boreholes, is >0.05 °C [>0.09 °F] larger for 13 boreholes, and is >0.05 °C [>0.09 °F] smaller for 
7 boreholes.  Because the approach is identical and the observed temperatures are derived 
from the same source, any large differences are a result of different estimates for thermal 
conductivity or a different subset of temperature observations for comparison.  Note that the 
new estimates did not use isolated temperature observations that appear to be outliers and only 
consider the vertical extent of the borehole that appears to have nearly uniform vertical flow; 
these practices reduce the root-mean-square difference. 
 
Using the analytic thermal model with the SD-12 conditions, the estimated percolation flux 
with smallest root-mean-square temperature difference of 0.16 °C [0.29 °F] is 14 mm/yr 
[0.55 in/yr].  For comparison, Bodvarsson, et al. (2003) estimate percolation fluxes of 15 mm/yr 
[0.59 in/yr] with a root-mean-square difference of 0.12 °C [0.22 °F] for the same borehole using 
the same analytic solution with different thermal properties.  Despite the smaller 
root-mean-square difference, the Bodvarsson, et al. (2003) solution represents a comparable  
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Figure 5-9.  Comparison of Estimated Percolation Fluxes 
[1 km = 0.62 mi; 25.4 mm/yr = 1 in/yr] 
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Table 5-1.  Estimated Mean Annual Infiltration and Heat Flux Using the One-Dimensional Analytic Solution 

Mean Annual Infiltration 
(mm/yr)* 

Heat Flux Given Mean 
Annual Infiltration 

(mW/m2)† 

Root-Mean-Square 
Temperature 

Difference (°C)‡ Depth (m)' 
Number of 

Observations 

Borehole 
Low 
MAI2 

Best-Fit 
MAI 

High 
MAI 

Low 
MAI 

Best-Fit 
MAI 

High 
MAI 

Best-Fit 
MAI 

Low and 
High MAI Top Bottom Used 

Not 
Used 

SD-12 13.2 14.4 15.5 47.9 49.4 50.7 0.157 0.173 24.6 593.7 16 0 
NRG-6 22.2 24.2 26.3 48.6 50.7 52.8 0.179 0.197 12.2 518.5 8 0 

NRG-7A 13.8 15.1 16.5 40.3 41.7 43.2 0.186 0.205 5.5 553.9 5 0 
UZ#4 9.6 12.2 14.9 37.7 40.2 42.9 0.238 0.261 24.4 472.2 7 0 
UZ#5 0.3 2.0 4.0 32.5 34.0 35.8 0.185 0.204 25.5 476.2 8 0 
UZ-7a 14.9 16.4 18.1 48.8 50.4 52.4 0.137 0.150 45.7 559.3 8 6 

G-1 22.1 25.2 28.5 36.3 38.5 40.8 0.240 0.264 43.6 480.4 20 9 
G-2 15.3 18.4 21.5 42.0 44.9 48.0 0.295 0.325 98.3 525.1 13 0 
G-3 2.6 5.0 7.6 38.1 40.6 43.4 0.372 0.409 32.9 608.5 11 2 
G-4 20.7 24.1 27.4 35.7 37.7 39.6 0.160 0.176 34.9 405.3 9 5 
H-1 18.1 22.7 27.3 34.8 38.0 41.4 0.336 0.370 31.4 460.5 8 2 
H-3 23.5 26.5 29.7 49.7 52.9 56.3 0.316 0.348 33.9 582.0 10 3 
H-4 18.2 22.9 27.8 36.8 39.5 42.5 0.236 0.260 34.9 402.3 7 2 
H-5 18.8 20.0 21.3 59.8 61.4 63.1 0.175 0.192 152.1 700.3 10 2 
H-6 2.7 5.3 7.9 42.9 45.5 48.4 0.336 0.370 33.7 525.0 8 1 

WT-1 31.6 36.4 41.3 60.3 65.0 70.0 0.383 0.422 94.0 509.0 15 2 
WT-2 10.2 12.1 14.1 41.4 42.8 44.4 0.139 0.153 63.7 457.8 14 6 
WT#3 0.0 0.0 1.2 0.0 67.1 68.1 0.258 0.284 31.0 305.1 10 1 
WT#4 7.7 10.1 12.4 39.6 41.7 43.9 0.254 0.280 33.2 443.3 15 1 
WT#6 3.8 12.6 21.3 46.8 52.6 58.9 0.419 0.461 62.6 284.6 9 2 
WT-7 0.0 0.0 2.6 0.0 44.8 47.0 0.275 0.303 33.3 426.6 14 1 
WT-10 0.2 2.0 4.1 40.6 42.8 45.3 0.309 0.340 32.2 400.7 9 0 
WT-11 12.4 14.9 17.3 69.2 72.2 75.2 0.269 0.296 32.2 416.0 12 0 
WT#12 18.8 25.6 32.4 62.2 67.4 73.0 0.326 0.359 61.4 348.4 11 1 
WT#14 0.0 0.0 1.8 0.0 51.7 52.9 0.328 0.361 61.5 348.9 11 1 
WT#15 32.1 38.4 44.7 52.3 55.7 59.1 0.172 0.189 123.2 358.0 9 3 
WT#16 4.2 6.4 8.4 33.4 35.2 36.9 0.187 0.206 93.0 477.6 14 2 
WT#17 0.0 0.0 1.7 0.0 46.3 47.4 0.218 0.240 92.0 397.9 6 1 
WT#18 14.0 15.6 17.2 35.4 37.0 38.6 0.225 0.247 90.1 602.3 18 2 

*25.4 mm/yr = 1 in/yr †1 mW/m2 = 2.78 BTU/yr/ft2 ‡˚C = (˚F!32) H (5/9) '1 m = 3.28 ft 2Mean Annual Infiltration 
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Table 5-2.  Borehole Percolation Fluxes Estimated Using Temperature Observations 
Analytical 

Percolation 
(mm/yr)† 

Analytical 
Heat Flux 
(mW/m2)‡ 

RMS ΔT' 
(°C)2 

RMS ΔT/ 
(TB-T0)& 

Borehole 

Domain 
Length 

(m)* 
Topographic 

Position New# B03** New B03 New B03 New Comments 
G-1 436.8 Channel 25 27 38 47 0.24 0.73 0.029 — 
G-2 426.8 Crest 18 0 45 25 0.30 0.75 0.028 Noisy data 
G-3 575.6 Crest 5 0 41 36 0.37 0.80 0.019 — 
G-4 370.3 Small channel 24 8 38 42 0.16 0.23 0.018 Slightly decreasing flux with depth 
H-1 429.1 Small channel 23 19 38 43 0.34 0.24 0.027 Slightly decreasing flux with depth 
H-3 548.1 Crest 27 5 53 36 0.32 0.65 0.034 Decreasing flux with depth 
H-4 367.5 Wash 23 13 40 45 0.24 0.28 0.022 Slightly decreasing flux with depth 
H-5 548.1 Crest 20 25 61 66 0.17 0.57 0.012 — 
H-6 491.3 Wash 5 8 46 56 0.34 1.33 0.023 May have lateral flow between  

100- and 200-m depth 
NRG-6 506.3 Ridge base 24 37 51 41 0.18 0.06 0.016 Estimated flux is 59 mm/yr without 

considering water table 
NRG-7a 548.4 Slope base 15 30 42 40 0.19 0.05 0.015 Estimated flux is 32 mm/yr without 

considering water table 
SD-12 569.1 Wash 14 15 49 47 0.16 0.12 0.011 — 
UZ #4 447.8 Channel 12 25 40 34 0.24 0.12 0.020 — 
UZ #5 450.7 Slope base 2 0 34 37 0.19 0.21 0.014 — 
UZ-7a 513.6 Wash 16 63 50 50 0.14 0.16 0.010 Estimated flux is 50 mm/yr without 

considering water table 
WT-1 415.0 Wash 36 29 65 69 0.38 0.31 0.037 There may be an unrepresented low 

conductivity feature between 186- and 
216-m depth  

WT-2 394.1 Channel 12 4 43 41 0.14 0.36 0.014 — 
WT #3 274.1 Channel 0  67  0.26  0.020 — 
WT #4 410.1 Ridge base 10 10 42 48 0.25 0.38 0.022 Slightly decreasing flux with depth 
WT #6 222.0 Wash 13 0 53 36 0.42 0.24 0.045 There may be an unrepresented low 

conductivity feature between 125- and 
154-m depth; flux estimate unreliable 

WT-7 393.3 Slope base 0 3 45 56 0.28 0.14 0.023 — 
WT-10 368.6 Wash 2 15 43 42 0.31 0.28 0.018 — 
WT-11 383.8 Alluvium 15  72  0.27  0.017 — 
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Table 5-2.  Borehole Percolation Fluxes Estimated Using Temperature Observations (continued) 
Analytical 

Percolation 
(mm/yr)† 

Analytical 
Heat Flux 
(mW/m2)‡ 

RMS ΔT' 
(°C)2 

RMS ΔT/ 
(TB-T0)& 

Borehole 

Domain 
Length 

(m)* 
Topographic 

Position New# B03** New B03 New B03 New Comments 
WT #12 287.0 Alluvium 26  67  0.33  0.033 Thermal conductivity may not be well 

represented between 100- and 175-m 
depth 

WT #14 287.4 Alluvium 0  52  0.33  0.033 Lowest units may have larger than 
estimated thermal conductivity 

WT #15 234.8 Alluvium 38  56  0.17  0.027 Short profile with noisy data, lateral 
flow, or incompletely represented 
thermal conductivity profiles 

WT #16 384.6 Wash 6 3 35 41 0.19 0.74 0.017  
WT #17 305.9 Wash 0 0 46 46 0.22 0.50 0.023  
WT #18 512.3 Ridge 16 12 37 40 0.22 0.35 0.020  
*1 m = 3.28 ft 
†25.4 mm/yr = 1 in/yr 
‡mW/m2 = 2.78 BTU/yr/ft2 
'Minimum root-mean-square difference in temperature between observed data and analytic solution. 
2˚C = (˚F !32) H (5/9) 
&Root-mean-square temperature difference (ΔT) normalized by temperature difference across domain (Tb-To, where Tb and To are bottom and top temperature 
boundary conditions); smaller values indicate a closer match. 
#Present report. 
**Bodvarsson, G.S., E. Kwicklis, C. Shan, and Y.-S. Wu.  “Estimation of Percolation Flux From Borehole Temperature Data at Yucca Mountain, Nevada.”  Journal of 
Contaminant Hydrology.  Vols. 62–63.  pp. 3–22.  2003. 
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match between observation and calculated profile, because Bodvarsson, et al. (2003) 
considered a domain approximately three-fourths as thick (the water table temperature was not 
considered).  When the lowest observed temperature is used for a boundary temperature, the 
deviation is automatically forced to zero for that observation and nearby temperature deviations 
are forced to be close to zero.  Because the water table is approximately 150 m [490 ft] below 
the lowest temperature observation, the deviation of the lowest observed temperatures is not 
forced to be close to zero and can contribute to the root-mean-square difference. 
 
A clear reduction in root-mean-square difference occurs for NRG-6, NRG-7a, and UZ #4, 
which each have temperature observations over less than half of the thickness of the 
unsaturated zone unless the water table temperature is interpolated to the borehole location.  
A comparable analysis using just the borehole observations, without considering the 
interpolated water table temperatures, yielded much higher percolation flux estimates but much 
smaller root-mean-square differences for these three boreholes.  For example, the 
estimated flux for NRG-6 is 59 mm/yr [2.3 in/yr], compared to 24 mm/yr [0.94 in/yr] when the 
water table is not considered, and the root-mean-square difference is 0.068 °C [0.12 °F], 
compared to 0.18 °C [0.32 °F]. 
 
The effect of different water table temperatures on percolation flux estimates was tested 
by comparing the estimates using a linearly interpolated temperature of 31.7 °C [89.1 °F] 
with the temperature Sandia National Laboratories (2007a) used, estimated as 30.4 °C 
[86.7 °F].  The analytic solution yields an estimated percolation flux of 7.9 mm/yr [0.31 in/yr] 
{root-mean-square difference of 0.23 °C [0.41 °F]} with the different temperature—a reduction 
of 6.5 mm/yr [0.26 in/yr], suggesting that a difference of 1 °C [1.8 °F] in bottom temperature 
may affect percolation flux estimates by approximately 5 mm/yr [0.2 in/yr] in a 600-m 
[1,970-ft] profile. 
 
Bodvarsson, et al. (2003) listed boreholes NRG-6, NRG-7a, UZ #4, UZ #5, UZ-7a, H-1, WT-1, 
and WT-10 as sufficiently close to a fault to have questionable accuracy, citing the potentially 
confounding effect of gas movement in the faults as identified by numerical simulations.  
Bodvarsson, et al. (2003) did not consider the water table temperature in the first 5 of these 
boreholes, and the new estimates are between 13 and 47 mm/yr [0.51 and 1.85 in/yr] smaller 
for 4 of the boreholes (UZ #5 is estimated as having approximately zero flux in both cases).  
The new estimates are significantly higher for H-1 and WT-1 and drop to approximately zero for 
WT-10.  There are temperature offsets that may be consistent with a fault at a depth between 
100 and 200 m [330 and 660 ft] in H-1 and at a depth of approximately 200 m [660 ft] in WT-1 
(see Appendix B for figures).  However, note that the fault passing near H-1 has created a small 
wash; thus H-1 is in a topographic location that may represent a local infiltration pathway. 
 
 




