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6  CHEMICAL AND THERMAL ANOMALIES 
 
Sections 3 and 5 consider interpretations of chemical and temperature observations in terms of 
predominantly vertical percolation fluxes.  Section 4 considers interpretations that include a 
lateral redistribution component for percolation fluxes in the South Ramp of the Exploratory 
Studies Facility.  In this section, the same sources of chemical and temperature observations 
considered in Sections 3 and 5 are examined for anomalies that may indicate lateral flow. 
 
6.1  Geochemical Anomalies 
 
Borehole chemical samples with indications of bomb-pulse tritium or chlorine-36, when located 
within extensive zones that have samples unambiguously indicating older water, suggest that 
lateral flow may have brought the waters to the sampled zone.  Five boreholes were identified 
that had at least 1 pore-water sample with a tritium concentration greater than 25 tritium units 
 or with chlorine-36/chloride ratios of greater than 1,250 H 10-15 (the criteria for an unambiguous 
bomb-pulse signature used in Section 3).  These boreholes were surrounded above and 
below by pore-water samples with tritium concentrations less than 7 tritium units or with 
chlorine-36/chloride ratios of less than 1,000 H 10-15 (the criteria for an unambiguous 
pre-bomb-pulse signature used in Section 3).  More than 30 boreholes with either tritium or 
chlorine-36 observations were considered, but most did not have enough appropriately placed 
samples to identify zones with lateral flow characteristics.  The five selected boreholes and their 
samples are shown in Figure 6-1 and described in Table 6-1.  Figures describing the borehole 
geochemistry are found in Appendix A for the three boreholes with tritium anomalies. 
 
All of the boreholes with geochemical indicators of lateral flow are located within washes, as 
shown in Figure 6-1, and four are at or near the base of hillslopes.  The U.S. Nuclear Regulatory 
Commission’s Infiltration Tabulator for Yucca Mountain (ITYM)1 model estimates low infiltration 
in all of the borehole locations, and each of the boreholes with geochemical indicators of lateral 
flow is placed where the topographic position is favorable for promoting lateral redistribution 
from areas of higher infiltration. 
 
Neutron probe borehole N-54 is located in the channel of WT-2 Wash, flanked at the base of the 
sideslopes of the wash by N-53 {in the Tcpll unit, 61 m [200 ft] south of N-54} and N-54 {in the 
Tcpmn unit, 66 m [220 ft] north of N-54}.  Borehole N-53 has samples with unambiguous 
bomb-pulse signatures at the base of the Tiva Canyon welded (TCw)2 unit and at the top of the 
Paintbrush Tuff nonwelded (PTn)3 unit; borehole N-55 has samples with unambiguous 
bomb-pulse signatures in the TCw, PTn, and Topopah Spring welded (TSw)4 unit to the bottom 
of the borehole. 
 
Neutron probe borehole N-37 is located in the channel of Wren Wash, with indications of 
bomb-pulse chloride within the alluvium to 7.7 m [25 ft] deep, unambiguous pre-bomb-pulse 
samples from the base of the alluvium below 9.6 m [31.5 ft] to nearly the base of the PTn unit, 
and 1 sample near the base of the PTn with an unambiguous bomb-pulse signature.  Nearby 
borehole N-38 is located in the Tcpll unit, 113 m [371 ft] west, at the toe of the southern ridge  
 

                                                 
1 Infiltration Tabulator for Yucca Mountain is used frequently throughout this report; therefore, the acronym ITYM will 
be used. 
2Tiva Canyon welded is used frequently throughout this report; therefore, the acronym TCw will be used. 
3Paintbrush Tuff nonwelded is used frequently throughout this report; therefore, the acronym PTn will be used. 
4Topopah Spring welded is used frequently throughout this report; therefore, the acronym TSw will be used. 
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Figure 6-1.  Location of Boreholes With Geochemical and Temperature Anomalies Near 
Yucca Mountain [1.6 km = 1 mi] 
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Table 6-1.  Geochemical Anomalies Indicating Potential Lateral Flow 

Borehole Location 

Alluvium 
Depth  
{m [ft]} Comment Data Sources 

N-37 Large 
channel 
bottom in 
Wren Wash 

11.1 [36.4] A single bomb-pulse Cl-36 hit in the 
Tptrv2 unit of the PTn* (77 m deep) 
below extensive reaches with 
unambiguously low Cl-36 

Fabryka-Martin, et al. 
(1996, Table 5-5)† 

N-54 Large 
channel 
bottom in 
WT-2 Wash 

5.8 [19] A single bomb-pulse Cl-36 hit in the 
Tptrv3 unit of the PTn (68 m deep) 
below extensive reaches with 
unambiguously low Cl-36 

Fabryka-Martin, et al. 
(1996, Table 5-5) 

NRG-6 Edge of 
Drillhole 
Wash 

0 [0] Several bomb-pulse tritium hits 
between 53.5 m (Tpp) and 74.6 m 
(Tpbt2/Tptrv3 contact) depth below 
extensive reaches with low tritium 

DTNS 
GS951208312272.002 
GS961108312271.002 

NRG-7a Edge of 
Drillhole 
Wash 

0 [0] A single bomb-pulse tritium hit at 
108.8 m (Tptrn) bracketed by low 
tritium 

DTNS 
GS000608312271.001 
GS951208312272.002 
GS961108312271.002 
GS970908312271.003 
GS991108312272.004 

UZ #16 Mouth of 
Antler Wash 

12.1 [39.7] Scattered bomb-pulse tritium hits at 
48.3 m (Tpcpv1); 177.7 to 196.1 m 
(Tptpmn); 288.1 m (Tptpln); 339 m 
(Tptpv3); 437 m (Tac) 

DTNS 
GS951208312272.002 
GS961108312271.002 

*Paintbrush Tuff nonwelded 
†Fabryka-Martin, J.T., H.J. Turin, A.V. Wolfsberg, D. Brenner, P.R. Dixon, and J.A. Musgrave.  “Summary Report of 
Chlorine—36 Studies.”  LA–CST–TIP–96–003.  Los Alamos, New Mexico:  Los Alamos National Laboratory.  1996. 
 
flanking Wren Wash.  All three samples from N-38 were obtained from the TCw unit, and all 
have unambiguous bomb-pulse signatures. 
 
Both NRG-6 and NRG-7a are located at or near the base of hillslopes on the southern flank of 
Drillhole Wash.  NRG-6 has samples between 48.3 and 78.1 m [158 and 256 ft]; all 
unambiguous bomb-pulse tritium samples were obtained in the PTn between 53.6 and 74.7 m 
[176 and 245 ft] deep, with the topmost 2 samples exhibiting unambiguous pre-bomb-pulse 
signatures.  NRG-7a has samples with ambiguous bomb-pulse indications in the top 6.7 m 
[22 ft] in the TCw, samples with pre-bomb-pulse signatures mixed with ambiguous bomb-pulse 
indications through the PTn, 1 sample with an unambiguous bomb-pulse signature at the top of 
the TSw, and samples with pre-bomb-pulse signatures mixed with ambiguous bomb-pulse 
indications through the TSw to the base of the borehole (including an ambiguous bomb-pulse 
indications in the perched water). 
 
Borehole UZ #16 is located at the mouth of Antler Wash, approximately 100 m [330 ft] from the 
sideslope to the south and 130 m [430 ft] from the sideslope to the north.  UZ #16 is not 
located in a channel.  UZ #16 has samples with unambiguous bomb-pulse indications from 
48.3 to 453.2 m [159 to 1,487 ft] deep (the top of the PTn through the TSw into the underlying 
Calico Hills unit), with 3 of the 4 samples above the highest bomb-pulse sample having 
pre-bomb-pulse signatures and 1 having ambiguous bomb-pulse indications. 
 
All of the five boreholes have samples with an unambiguous bomb-pulse signature within or just 
below the PTn, and all of the boreholes have unambiguous pre-bomb-pulse samples above the 
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bomb-pulse samples.   Boreholes N–37, N–54, and NRG-6 each have just one sample having 
an unambiguous bomb-pulse signature, which (barring experimental error in obtaining the 
sample values) suggests that lateral flow may be limited in these boreholes.  NRG-6 and 
UZ #16 both have several samples with unambiguous bomb-pulse tritium signatures at the base 
of the PTn and lower, below other samples with unambiguous pre-bomb-pulse signatures, 
suggesting that these boreholes intersect fast pathways.  Predominantly vertical fast pathways 
above the bomb-pulse samples are not precluded, because both boreholes have few samples 
above the bomb-pulse samples establishing that unambiguous pre-bomb-pulse signatures are 
expected, but the boreholes are located in areas with low modeled infiltration rates so vertical 
fast pathways would be unusual at these locations. 
 
6.2 Temperature Anomalies 
 
The figures presented by Sass, et al. (1988) indicate that 11 boreholes with temperature profiles 
at and near Yucca Mountain may exhibit local temperature reversals or positive anomalies, as 
described in Table 6-2.  Boreholes near the potential repository are shown in Figure 6-1.  In  
 

Table 6-2.  Temperature Anomalies Indicating Potential Lateral Flow 

Borehole Location 

Alluvium 
Depth 
{m [ft]} Comment 

A#1 Lower Drillhole Wash 9.1 
[29.9] 

A 0.36 °C reversal 58 m deep (above Tcpv3) in 10/80, 
with possible anomaly 10 to 20 m deeper 

A#5 Middle Drillhole 
Wash 

27.4 [89.9] A 1.4 °C reversal 37 m deep (Tcpv2 into top half of 
PTn*) in 3/81 and 4/81 

A#6 Mouth of Coyote 
Wash 

6.1  
[20] 

Positive 0.5 °C anomalies at 48 and 130 to 140 m 
deep (mid PTn and upper Tptpul) on 10/80 

A#7 Middle Drillhole 
Wash 

46.6  
[153] 

A 2.5 °C reversal, 40 to 145 m deep (base of TCw† 
through upper TSw) on 3/81, largely gone by 12/81, 
up to 3 °C reversal on 3/83 over same depth 

B#1 Lower Drillhole Wash 47.5  
[156] 

A 4.3 °C reversal, 100 to 200 m deep (base of PTn 
through upper TSw‡) on 1/82; one data point on 3/83 
indicates persistent reversal.  Possible fault effect. 

G-1 Upper Drillhole Wash 18.3 [60.0] Several small 0.35 °C potential reversals 100 to 250 m 
deep (PTn through mid TSw) on 9/80; a 0.7 °C 
reversal 50 m deep (mid PTn) on 4/81 with small 
potential reversals to 300 m 

G-2 Mile High Mesa 0  
[0] 

Three small 0.7 °C potential reversals 100 to 250 m 
deep (PTn) 

H-6 Side wash in 
Solitario Canyon 

9.1  
[30] 

One observation with 3.3 °C potential reversal (mid 
Tptpul); borehole between two faults 

P1 South end of Midway 
Valley west of South 
Portal 

39  
[128] 

Positive 2.9 °C anomaly at 104 m deep (mid Tptpul) 
on 6/84; possible drilling artifact or fault effect 

WT-13 East of Fran Ridge, 
west of Fortymile 
Wash 

67.1  
[220] 

Transient 0.5 °C increase over 125 to 185 m depth 
(PTn) and 0.2 to 0.4 °C decrease over 215 to 275 m 
depth (TSw) between 6/1 and 6/4/84 

WT-15 East of Alice Hill, 
west of Fortymile 
Wash 

64  
[210] 

A 0.5 °C reversal 125 m deep (mid PTn) in 6/1/84 

*Paintbrush Tuff nonwelded 
†Tiva Canyon welded 
‡Topopah Spring welded 
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general, temperature trends indicated in Section 5 decrease from the water table to the surface.  
Local temperature reversals indicate that lateral movement of water or air may be locally cooling 
or heating the rock.  Five of the boreholes have anomalies greater than 1 °C [1.8 °F], which are 
easily detected on the Sass, et al. (1988) figures, but some of the smaller reversals described in 
Table 6-2 may be plotting artifacts in the original document.  It is not clear whether the positive 
anomalies identified in A #6 and P1 are due to fluid movement, but these were listed for 
completeness.  Many of the profiles were obtained soon after drilling and may not have 
completely returned to equilibrium.  The transient fluctuations described for WT-13 are 
remarkably rapid at the depths observed and may represent measurement error because of air 
movement within the borehole. 
 
Figure 6-2 displays the temperature sequences for boreholes A #1, A #5, A #7, and B #1, all in 
Drillhole Wash, as well as the precipitation history prior to and during temperature logging.  
Each precipitation value denotes the average monthly precipitation in 14 Nevada Test Site 
weather stations.  The background color scheme is the same as the borehole figures in 
Appendices A and B, with dark yellow indicating the PTn unit and pink indicating the TSw unit.  
All of these boreholes are emplaced in sufficiently deep alluvium that the ITYM model estimates 
essentially no infiltration at the borehole location. 
 
The temperature profiles for adjacent boreholes A #1 and B #1 are similarly low in the TSw and 
within the PTn, but differ by several degrees in the upper part of the TSw.  The temperature 
reversal in B #1 exists in profiles obtained more than a year apart.  Both B #1 profiles were 
obtained after almost a year with low precipitation, although the second profile immediately 
follows a large precipitation event.  The different temperature profiles between A #1 and B #1 
may be the result of air or water moving in the Drillhole Wash Fault.  Note that the little jog in the 
A #1 profile at the top of the PTn is the smallest level of anomaly presented in Table 6-2. 
 
The profiles for nearby boreholes A #5 and A #7 are similar above a 30-m [100-ft] depth and 
below 140 m [460 ft], in the upper part of the TSw, but differ by as much as 5 °C [9 °F] at the 
base of the PTn.  Sass, et al. (1988) present several temperature profiles for both of these 
boreholes; both boreholes have profiles indicating transient local cooling events.  Borehole A #7 
exhibits maximum warming of greater than 3 °C [5.4 °F] from March 1981 to December 1981, 
with temperatures responding from the base of the alluvial cover to 50 m [160 ft] into the TSw.  
The thermal response in A #7 deep into the PTn and upper TSw may be a result of water 
movement within the borehole, such as ephemeral perching draining into the borehole.  The 
initial cooling temperature change may be from the moderately wet month of February 1981.  
The December 1981 profile exhibits two reversals, suggesting that the temperatures have not 
completed warming to the equilibrium profile.  Profiles on March 1983 and April 1984 show 
similar trends to the profiles in March and April 1981; the March 1983 profile is nearly coincident 
with a wet month, but the April 1984 profile follows a half-year dry period. 
 
Borehole A #5 shows a systematic cooling trend from October 1980 to April 1981, perhaps as 
heat generated during drilling dissipated.  There is a local cooling event at the transition from 
the TCw unit during the spring of 1981, again possibly from the moderately wet month of 
February 1981.  This cooling event is smaller than the event in A #7, only affecting 
approximately 15 m [50 ft] of the borehole.  The cooling event also lags the event in A #7, 
because A #7 is warming from 3/81 to 4/81 while A #5 is cooling over the same period. 
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Figure 6-2.  Drillhole Wash Temperature Profiles.  (a) Average Monthly Precipitation in Nevada Test Site, (b) Location of 
Boreholes, (c) Profiles for A #5 and A #7, and (d) Profiles for A #1 and B #1.  [1 in = 25.4 mm, 1 mi = 1.6 km] 
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The perturbation in A #5 is consistent with lateral movement in the TCw fracture system above 
the PTn, suggesting that flow from the fracture system into the PTn may be restricted.  This 
restriction may be due to a combination of low matrix permeability and stratabound fractures.  
Flint (1998) measured matrix saturations greater than 0.95 in almost every borehole with core 
samples obtained from the transition between the TCw and PTn units.  Damp spots were 
recorded at almost every such transition in the ESF, as plotted in Figure 3-3, suggesting that the 
matrix generally exhibits low permeability in the transition zone.  Only UZ #16, which exhibits 
tritium anomalies suggestive of lateral flow lower in the profile, has maximum matrix saturation 
values less than 0.95 in the transition zone.  The transition zone typically represents a locally 
wet zone compared to the densely welded units above and the nonwelded units below (see 
figures in Appendices A and B), suggesting that water typically moves from the fracture system 
to the matrix in the transition zone.  The potential for widespread lateral movement in the TCw 
above the transition zone is difficult to determine, however, because it is difficult to ascertain 
from vertical boreholes whether vertical fracture systems are stratabound. 
 
6.3 Summary 
 
The information sources considered in Sections 3 and 5 were examined to identify anomalies 
that might indicate lateral subsurface flow. 
 
Five boreholes were identified with measured samples having unambiguous bomb-pulse 
signatures below other samples with unambiguous pre-bomb-pulse signatures, out of more than 
30 boreholes with tritium or chlorine-36 measurements.  All of the boreholes had bomb-pulse 
signatures within or below the PTn, and all were in areas that are modeled with low infiltration 
rates.  These observations are consistent with subsurface redistribution from areas with shallow 
soil to areas with deep soil, corresponding to movement from higher infiltration areas to lower 
infiltration areas. 
 
Eleven of the boreholes with temperature profiles Sass, et al. (1988) presented were identified 
as having local temperature anomalies potentially indicating lateral flow.  Temperature profiles 
are limited to one date for most boreholes, but several boreholes have multiple profiles.  The 
A #7 and A #5 boreholes in Drillhole Wash exhibited clear transient thermal responses that are 
consistent with transient lateral flow above, within, or below the PTn unit. 
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7  INFERENCES 
 
Infiltration, deep percolation fluxes, geochemistry, and temperature at Yucca Mountain all have 
been extensively discussed in the Yucca Mountain Project literature, and this discussion is not 
reproduced here in detail.  Instead, some general inferences are drawn related to infiltration 
patterns estimated by the U.S. Nuclear Regulatory Commission’s Infiltration Tabulator for Yucca 
Mountain (ITYM)1 model and its related inputs, based on the chloride, chlorine-36, tritium, and 
temperature data sets. 
 
Most of the surface area exposed within the potential repository footprint can be classified as 
having deep soil or shallow soil overlying exposures of a caprock, nonlithophysal, or lithophysal 
unit.  The ITYM model generally estimates high infiltration in caprock and small infiltration 
elsewhere.  Inferred percolation fluxes presented in this report tend to be largest in caprock and 
smallest in areas with deep soil, and suggest that percolation fluxes may be larger in 
nonlithophysal units than in lithophysal units. 
 
7.1 Chloride-Based and Temperature-Based Flux Comparisons 
 
Six boreholes exist (SD-12, NRG-6, NRG-7a, UZ-7a, UZ #4, and UZ #5) with both 
a temperature profile and pore water chloride concentration data.  The new 
temperature-based estimates for percolation flux are 14, 24, 15, 16, 12, and 2 mm/yr [0.55, 
0.94, 0.59, 0.63, 0.47, and 0.08 in/yr], respectively, in these boreholes.  Flux estimates using 
the chloride-mass-balance method on samples from the Paintbrush Tuff nonwelded (PTn)2 unit 
suggest that percolation fluxes are less than 2 mm/yr [0.04 in/yr] for these boreholes [see 
Appendix A for the first four boreholes and CRWMS M&O (2003, Table 27) for UZ #4 and 
UZ #5].  In five of the six boreholes, fluxes from the chloride-mass-balance method are 
approximately an order of magnitude smaller than those derived by the temperature-based 
method and are both almost zero in UZ #5. 
 
Two boreholes exist (NRG-7a and G-2) with both a temperature profile and perched-water 
chloride concentration data.  These estimates are directly comparable because both represent 
fluxes below the PTn unit, both represent spatial averages of percolation flux, and the 
temperature profile overlaps with the perched water.  The new temperature-based estimates for 
percolation flux are 15 and 18 mm/yr [0.59 and 0.71 in/yr], respectively, in these boreholes.  
Flux estimates using the chloride-mass-balance method on perched water samples suggest 
that percolation fluxes are approximately 7 and 10 mm/yr [0.28 and 0.39 in/yr] for these 
boreholes, respectively (see Figure 3-6 and Appendix A).  In both boreholes, fluxes from 
the chloride-mass-balance method are approximately half those derived by the 
temperature-based method. 
 
Four boreholes exist (NRG-7a, SD-7, SD-9, and UZ-14) with both pore-water and 
perched-water chloride samples at approximately the perched horizon.  Flux estimates using the 
chloride-mass-balance method on the pore-water samples are approximately 1 to 2, 1 to 2, 4 to 
8, and less than 1 mm/yr [0.04 to 0.08, 0.04 to 0.08, 0.16 to 0.32, and <0.04 in/yr], respectively, 
and on the perched samples are approximately 7, 15, 11, and 9 mm/yr [0.28, 0.59, 0.43, and 
0.35 in/yr], respectively.  Fluxes estimated using the perched water samples are approximately 
an order of magnitude larger than fluxes estimated using the pore-water samples in SD-7 and 
                                                 
1Infiltration Tabulator for Yucca Mountain is used frequently throughout this report; therefore, the acronym ITYM will 
be used. 
2Paintbrush Tuff nonwelded is used frequently throughout this report; therefore, the acronym PTn will be used. 
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UZ-14, larger by a factor of approximately 5 in NRG-7a, and nominally larger in SD-9.  
Pore-water chloride samples from the PTn also exist in these boreholes; flux estimates are 
comparable to the lower pore-water samples in NRG-7a and UZ-14, smaller by a factor of 2 in 
SD-7, and smaller by a factor of 2 to 10 in SD-9.  Thus, fluxes estimated using the perched 
water samples are approximately 0.5 to 1 order of magnitude larger than fluxes estimated using 
the PTn pore-water samples for these boreholes. 
 
The comparison between chloride-based and temperature-based flux estimates suggests that 
either percolation flux is underestimated using the chloride concentrations, especially for 
pore-water samples, or is overestimated using the temperature observations.  This may be true 
to some extent, especially if the bulk of the percolation occurs in high-flux pathways that occupy 
a small fraction of the rock.  If the predominant flow paths occupy a small volume, a 
correspondingly large number of samples would be necessary to ensure that the high-flux 
pathways are sampled.  However, pore-water chloride samples from the North Ramp of the 
Exploratory Studies Facility (ESF)3 have chloride concentrations that are within the range of the 
perched water measurements, so the methods used for obtaining pore-water chloride samples 
do not preclude relatively high flux estimates. 
 
The two approaches sample a different volume, even if the same borehole is used for the 
observations.  The temperature data represent a flux integration spatial scale that is likely 
intermediate between the local-scale pathways represented by pore-water samples and the 
large-scale integration represented by perched water samples.  Sandia National Laboratories 
(2007a, Section 6.3.4) estimated that the temperature profiles likely integrate over a time scale 
of 500 to 10,000 years, based on the time necessary for conduction to achieve thermal 
equilibrium.  Pore-water chloride concentrations low in the Topopah Spring welded (TSw)4 may 
represent waters that are tens of thousands of years old, based on the travel time for gravity 
drainage to move water through hundreds of meters of low-permeability TSw matrix {some 
zones have permeability so low that it would take 100 years to travel 1 m [3.3 ft]}.  Perched 
waters are likely a mixture of all of the flow paths through the mountain, from fastest to slowest, 
and may contain both bomb-pulse and Pleistocene waters.  Because of the different space and 
time integration scales, the different data sources could provide different estimates that are all 
equally correct estimates of flux over their respective scales. 
 
The respective scales have not been precisely defined, but pore water chloride is likely to be 
representative of discrete fractures, faults, and matrix blocks; temperature averaging is likely to 
be over at least tens of meters, because of the highly diffusive nature of conduction; and the 
perched water chloride may average over entire ridges and washes if lateral flow occurs. 
 
Sections 7.2 and 7.3 discuss inferences regarding particular lithologic features, assuming that 
these representative scales are appropriate. 
 
7.2 Tiva Canyon Caprock 
 
The combination of observations and flux estimates based on these observations suggests that 
the Tiva Canyon caprock, at least the Tcr2, Tcrn3, and Tcrn4 zones crop out, may feature 
relatively high infiltration rates.  The sparse data related to the Tcr1 zone comes primarily from 

                                                 
3Exploratory Studies Facility is used frequently throughout this report; therefore, the acronym ESF will be used. 
4Topopah Spring welded is used frequently throughout this report; therefore, the acronym TSw will be used. 
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the Enhanced Characterization of the Repository Block (ECRB)5 and North Ramp of the ESF, 
where high infiltration rates are not indicated.  Boreholes G-2, H-3, H-5, and WT-18 have 
estimated best-fit percolation fluxes between 16 and 27 mm/yr [0.63 and 1.06 in/yr] using the 
temperature profile method.  Neutron-probe boreholes N-15, N-16, N-17, N-27, and N-36 all 
exhibited chlorine-36 observations at least eight times larger than the bomb-pulse signature, 
each with a bomb-pulse signature in the lowest sample.  The most elevated chlorine-36 and 
most dilute chloride observations within the ESF and ECRB occur under caprock in the North 
Ramp of the ESF.  The occurrence of bomb-pulse tritium within the Calico Hills formation in 
boreholes WT-24 and SD-6 is consistent with an inference of high caprock fluxes, but is also 
consistent with an inference of fast flow pathways bypassing or going through the PTn (SD-6 is 
on Yucca Crest, with the TSw exposed updip in Solitario Canyon, and WT-24 is on a ridge that 
is bounded by faults on both sides).  A profile of bomb-pulse tritium from the surface to the 
Calico Hills formation would favor the interpretation of large infiltration fluxes; however, WT-24 
has no observations from higher in the borehole and the higher observations from SD-6 lack an 
unambiguous bomb-pulse signature. 
 
Observations from Yucca Crest near the ECRB and to the south suggest that less infiltration 
may be occurring within the caprock units in those locations.  Borehole G-3 has a 
temperature-based estimate of 5 mm/yr [0.2 in/yr] flux, SD-6 has chloride-based estimates from 
the PTn between 1 and 3 mm/yr [0.04 and 0.12 in/yr] and lacks bomb-pulse tritium in the PTn, 
and chloride observations in the ECRB are no more than 5 mm/yr [0.2 in/yr] under the caprock 
units.  All of the locations with indications of lower infiltration are south of the location in Solitario 
Canyon where both the PTn and the TSw units are exposed on the west flank of Yucca 
Mountain, and all of these locations fall outside of the potential repository footprint.  However, 
borehole H-3 also falls in this zone, with a new temperature-based flux estimate of 27 mm/yr 
[1.1 in/yr], suggesting that low-infiltration zones may be interspersed with high-infiltration zones. 
 
Low-permeability soil layers are one mechanism that may locally reduce infiltration rates.  Field 
excursions identified three areas upslope of Upper Split Wash where a thin, buried clay-rich soil 
horizon exists (Fedors, 1998, pp. 70–73; 2007), possibly a relic soil of Pleistocene age.  Two of 
these locations are within 25 m [80 ft] of the ECRB trace, with 10 and 30 cm [4 and 12 in] of clay 
loam (approximately 30 to 35 percent clay content) above bedrock.  All three areas are 
sheltered from erosion in flat-lying portions (approximately 9° slope) of the caprock, with soil 
thicknesses of between 24 and 60 cm [9.4 and 24 in]; the buried soil horizon was not found in 
scattered examinations of other locations.  These thin buried features atop the bedrock are not 
described in the surficial deposit map documentation by Lundstrom and coworkers (Lundstrom, 
et al., 1996, 1995, 1994; Lundstrom and Taylor, 1995), and the area covered by such features 
is unknown. 
 
Air movement within the mountain is another potential mechanism that may explain reduced 
infiltration south of the ECRB.  Weeks (1987) describes air exhaling from boreholes UZ-6 and 
UZ-6s, located on Yucca Crest at Highway Ridge.  These boreholes consistently exhaled during 
the winter and alternately inhaled and exhaled several times a day during the summer.  Some of 
the summer responses were associated with barometric changes, which induce bulk exchange 
of air with the atmosphere.  Air exhaled at a relative humidity of 100 percent during the winter 
but at approximately 80 percent during the summer, implying that a dryout zone may exist in the 
rock near the surface.  Both boreholes completely penetrate the Tiva Canyon welded (TCw)6 

                                                 
5Enhanced Characterization of the Repository Block is used frequently throughout this report; therefore, the acronym 
ECRB will be used. 
6Tiva Canyon welded is used frequently throughout this report; therefore, the acronym TCw will be used. 
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unit.  Weeks (1987) attributed the winter behavior to density differences between cold 
atmospheric versus warm mountain air forming consistent circulation patterns within the 
mountain, with a weaker opposite behavior expected in summer.  Because barometric changes 
induce a relatively modest change in mountain air density, physical mixing of atmospheric and 
mountain air induced by barometric changes is likely limited to a thinner zone close to the 
ground surface, whereas density-driven forcing likely mixes atmospheric and mountain air 
throughout the TCw and perhaps deeper.  These density- and barometric-driven processes 
would be expected to apply to all ridges at Yucca Mountain.  Rousseau, et al. (1999) report 
model results based on density-dependent pneumatic forcings (not considering barometric 
forcings) that suggest bulk vapor transport within a ridge is orders of magnitude smaller than 
1 mm/yr [0.04 in/yr], implying that bulk vapor transport cannot explain the inferred smaller 
infiltration rates south of the ECRB. 
 
Pressure gradients induced by wind may also induce bulk air movement within the mountain, 
especially in the summer when density-driven circulation is weaker.  Wind patterns observed at 
the YMP-2 meteorological station located on Yucca Crest approximately 2 km [1.2 mi] north of 
UZ-6 suggest that summer winds fluctuate between easterly, westerly, and southerly directions, 
which would tend to promote inhaling, exhaling, and neutral conditions at the crest consistent 
with the Weeks (1987) observations of fluctuating conditions.  Other YMP meteorological 
stations have different patterns, depending on topographic effects.  For example, winds at 
YMP-6, in Yucca Wash, tend to be aligned with Yucca Wash parallel to the ridges between the 
ESF and Yucca Wash.  It is possible that low-humidity summer air oscillating to depth may form 
a dryout zone within the crest with sufficient storage to substantially attenuate winter wetting 
pulses.  If the observed fluctuations are substantially induced by wind, this dryout zone may be 
more extensive and more efficient at reducing infiltration south of the ECRB where wind 
patterns are less aligned along the ridgetop axis.  Topographic patterns may make such effects 
spatially variable along the crest. 
 
7.3 Lithophysal and Nonlithophysal Units 
 
The Tcpul and Tcpmn units (in the south) and Tcpum, Tcpll, and Tcpln units (in the north) form 
the primary units exposed within the potential repository footprint aside from the caprock.  
These units are generally exposed on sideslopes, steeper in the north than the south.  The 
Tcpul, Tcpll, and upper portions of the Tcpum zones are lithophysal zones, whereas the Tcpmn, 
Tcpln, and lower portions of the Tcpum units are densely welded nonlithophysal zones.  Stothoff 
(2008a) suggested that the Tcpmn lithophysal zone may be more conducive to infiltration than 
the Tcpul nonlithophysal zone because it tends to be more fractured and have wider apertures. 
 
Some of the observations support the hypothesis that densely welded nonlithophysal units may 
allow significant infiltration.  The most direct support comes from bomb-pulse chlorine-36 
observations in the Main Drift of the ESF.  An outcrop of the Tcpmn zone is found in Antler 
Wash, in the central part of the Main Drift, which overlies several locations with bomb-pulse 
samples.  Relatively extensive lateral flow in the unsaturated zone must be invoked to explain 
the bomb-pulse observations with waters infiltrating in caprock units or a faults.  Relatively less 
extensive lateral flow must be hypothesized at other locations in order to link ESF bomb-pulse 
samples to waters infiltrating in the caprock or faults.  Elevated tritium levels found at depth in 
neutron probe boreholes UZN-36, UZN-53, and UZN-55 may be associated with waters 
infiltrating in either the lower part of the Tcpum zone or the Tcpln zone. 
 
Boreholes NRG-7a, NRG-6, and SD-12 provide indirect evidence that densely welded 
nonlithophysal zones may allow significant infiltration.  These boreholes are located at the base 
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of hillslopes in Drillhole Wash (NRG-7a and NRG-6) or within a wash bottom (SD-12).  None of 
the three boreholes are in a location considered especially conducive to infiltration.  All three 
boreholes have chloride concentrations in the PTn suggesting infiltration fluxes less than 
2 mm/yr [0.08 in/yr], yet all three have estimates of percolation flux that are greater than 
14 mm/yr [0.55 in/yr] using temperature profiles, and all three are located in or near a densely 
welded nonlithophysal zone.  The NRG boreholes each have a supplemental indicator of 
significant infiltration from bomb-pulse tritium, and there is an observation of bomb-pulse 
chlorine-36 in the ESF under the lowest portion of a Tcpum outcrop (the least lithophysal portion 
of the Tcpum zone) within 100 m [330 ft] of NRG-7a (see Figures 3-1 and 3-6).  These 
observations are internally consistent if relatively large infiltration fluxes occur within densely 
welded nonlithophysal zones near (but not at) the borehole locations, because the local-scale 
infiltration indicators at the boreholes (chloride and chlorine-36) suggest that infiltration is 
relatively low, but the larger-scale infiltration indicators (temperature and tritium) suggest that 
infiltration is relatively high. 
 
The perched water at NRG-7a has a chloride concentration implying an infiltration rate of almost 
10 mm/yr [0.4 in/yr].  The perched water chloride neither confirms nor contradicts assumptions 
regarding infiltration in nonlithophysal zones, because perched water in Drillhole Wash may 
have traveled some distance from the recharge zone.  This is shown by recovery in boreholes 
UZ-1 and UZ-14 of some of the large volume of drilling fluids lost from G-1, which is 305 m 
[1,000 ft] from UZ-14 (CRWMS M&O, 2003).  The perched water rose approximately 30 m [98 
ft] after first contact, implying that the water was locally confined and likely traveled some 
distance laterally.  Note that the ridge adjacent to NRG-7a is topped with caprock, 
approximately 200 m [660 ft] west (updip) of NRG-7a, and caprock is a likely location for 
relatively large infiltration rates in the ITYM model (Stothoff, 2008a). 
 
The chlorine-36 measurements from core samples obtained in the southern portion of the ESF 
(shown in Figure 3-1), where the Tcpmn unit is extensively exposed, do not exhibit the 
bomb-pulse signature that indicates fast pathways or elevated infiltration in the Tcpmn unit. 
 
No chloride samples were taken from core samples obtained under Tcpmn outcrops in the 
southern portion of the ESF but, as discussed in Section 4, seeps were observed in the 
South Ramp.  The three hypotheses for the location of the South Ramp seepage event 
discussed in Section 4 all associate the event with locations where Tcpmn crops out, but the 
high chloride concentrations in the seep water suggest that such events are rare at this location.  
Under the downdip diversion hypothesis, high chloride concentrations may arise from lateral 
subsurface travel distances that allow extended subsurface evaporation of the waters, extended 
contact time with the matrix, and mixing with waters from low-infiltration zones along the 
pathway.  These processes would tend to reduce estimates for net infiltration from a local 
high-infiltration zone.  Mass balance considerations suggest that fracture waters similar to the 
South Ramp seeps in the TCw unit above the PTn can only form a minor part of observed 
perched waters below the PTn. 
 
The chlorine-36, tritium, and chloride measurements from the ECRB, shown in Figures 3-1 
through 3-3, suggest that infiltration may be relatively low along the entire ECRB, even in areas 
under caprock and nonlithophysal zones.  To a certain extent, this conclusion is expected, 
because much of the path underlies lithophysal zones where infiltration is expected to be small.  
It is difficult to draw a firm conclusion from these particular tracers, because it is expected that 
(i) a significant number of water samples would reflect low-infiltration pathways even in areas 
where infiltration is relatively high, (ii) water may take a tortuous path or divert laterally, and 
(iii) all of the samples under the Tcpmn zone are within 50 m [160 ft] of a different zone.  
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Nevertheless, it appears that the Tcpmn zone does not always provide a high-infiltration zone 
based on these observations. 
 
In summary, the available evidence suggests that under certain conditions, densely welded 
nonlithophysal zones may provide elevated levels of infiltration relative to lithophysal and 
nonwelded zones, but the presence of a nonlithophysal zone does not necessarily guarantee 
elevated infiltration rates.  The areas where the evidence is consistent with elevated infiltration 
from nonlithophysal zones typically are near the base of hillslopes with extensive upslope 
exposures of nonlithophysal zones, except for some chlorine-36 samples in the ESF under 
Antler Wash and neutron boreholes UZN-53 and UZN-55.  A flow-concentrating mechanism 
such as lateral flow from the relatively impermeable lithophysal units may be needed to induce 
significant infiltration in the Tcpmn zone under present climatic conditions.  If this is the case, 
infiltration in this zone may be localized to relatively narrow strips at the base of hillslopes; this 
configuration is typical of washes north of the ECRB if the nonlithophysal base of the Tcpum 
zone is similar to the Tcpmn zone. 
 
7.4 Summary 
 
The set of subsurface geochemical and thermal observations that have been collected at Yucca 
Mountain provides information related to percolation fluxes through the mountain, and by 
implication, the net infiltration fluxes passing below the evapotranspiration zone.  The 
observations suggest the conceptual model that pore-water liquid chemistry is representative of 
local-scale pathways (implying that the geochemistry may be variable within the scale of 
meters), temperature responds to percolation fluxes within tens of meters, and perched waters 
represent averages over much larger scales.  With this conceptual model, it appears that the 
Tiva Canyon caprock may have relatively large percolation fluxes north of the ECRB, consistent 
with ITYM estimates for Yucca Crest (Stothoff, 2008a), but smaller fluxes (at least locally) to the 
south.  The observations also suggest that densely welded nonlithophysal units, such as the 
Tcpmn and Tcpln zones of the TCw formation, may have locally higher infiltration rates than 
estimated by ITYM, especially when exposed in particular topographic locations that promote 
concentration of flow such as in channels and at the base of steep hillslopes.  Although 
nonlithophysal zones are mapped as cropping out in all washes within the potential repository 
footprint, the areal extent of nonlithophysal zones at the surface is limited to relatively narrow 
bands through most of the footprint.  
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BOREHOLE GEOCHEMISTRY FIGURES 
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Figure A–1.  Location Map for Boreholes With Geochemical Data [1 km = 0.62 mi] 
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Figure A–2.  Geochemical Observations for G-2 and Associated Thermohydrologic Properties.  Chloride Profiles Digitized 

From Sandia National Laboratories (2007, Figure 6.5-9).  [1 m = 3.28 ft; 25.4 mm/yr = 1 in/yr; 1 mg/L = 1 ppm] 
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  Figure A–3.  Geochemical Observations for N-55 and Associated Thermohydrologic Properties 

[1 m = 3.28 ft; 25.4 mm/yr = 1 in/yr; 1 mg/L = 1 ppm] 
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Figure A–4.  Geochemical Observations for NRG-6 and Associated Thermohydrologic Properties.  Chloride Profiles 

Digitized From Sandia National Laboratories (2007, Figure 6.5-6).  [1 m = 3.28 ft; 25.4 mm/yr = 1 in/yr; 1 mg/L = 1 ppm] 
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Figure A–5.  Geochemical Observations for NRG-7a and Associated Thermohydrologic Properties.  Chloride Profiles 
Digitized From Sandia National Laboratories (2007, Figure 6.5-7).  [1 m = 3.28 ft; 25.4 mm/yr = 1 in/yr; 1 mg/L = 1 ppm] 
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Figure A–6.  Geochemical Observations for SD-6 and Associated Thermohydrologic Properties 

[1 m = 3.28 ft; 25.4 mm/yr = 1 in/yr; 1 mg/L = 1 ppm] 
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Figure A–7.  Geochemical Observations for SD-7 and Associated Thermohydrologic Properties.  Chloride Profiles Digitized 

From Sandia National Laboratories (2007, Figure 6.5-8).  [1 m = 3.28 ft; 25.4 mm/yr = 1 in/yr; 1 mg/L = 1 ppm] 
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Figure A–8.  Geochemical Observations for SD-9 and Associated Thermohydrologic Properties.  Chloride Profiles Digitized 

From Sandia National Laboratories (2007, Figure 6.5-3).  [1 m = 3.28 ft; 25.4 mm/yr = 1 in/yr; 1 mg/L = 1 ppm] 
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Figure A–9.  Geochemical Observations for SD-12 and Associated Thermohydrologic Properties.  Chloride Profiles Digitized 

From Sandia National Laboratories (2007, Figure 6.5-1).  [1 m = 3.28 ft; 25.4 mm/yr = 1 in/yr; 1 mg/L = 1 ppm] 
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Figure A–10.  Geochemical Observations for UZ-7a and Associated Thermohydrologic Properties 

[1 m = 3.28 ft; 25.4 mm/yr = 1 in/yr; 1 mg/L = 1 ppm] 
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Figure A–11.  Geochemical Observations for UZ-14 and Associated Thermohydrologic Properties.  Chloride Profiles 

Digitized From Sandia National Laboratories (2007, Figure 6.5-2).  [1 m = 3.28 ft; 25.4 mm/yr = 1 in/yr; 1 mg/L = 1 ppm] 
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Figure A–12.  Geochemical Observations for UZ #16 and Associated Thermohydrologic Properties.  Chloride Profiles 

Digitized From Sandia National Laboratories (2007, Figure 6.5-11).  [1 m = 3.28 ft; 25.4 mm/yr = 1 in/yr; 1 mg/L = 1 ppm] 
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Figure A–13.  Geochemical Observations for WT #24 and Associated Thermohydrologic Properties.  Chloride Profiles 
Digitized From Sandia National Laboratories (2007, Figure 6.5-10).  [1 m = 3.28 ft; 25.4 mm/yr = 1 in/yr; 1 mg/L = 1 ppm] 
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