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EXECUTIVE SUMMARY 
 

Thermal refluxing is one of the processes that may affect performance of the potential high-level 
nuclear waste (HLW)1 repository.  Thermal refluxing is a process where downward flowing water 
penetrates into rock at above-boiling temperatures.  Evaporation during thermal refluxing in the 
rock above an emplacement drift leads to increased solute concentrations near the heat source, 
which may contribute to a corrosive environment if it were to enter the drift. 
 
In-situ testing programs have been undertaken during the past 30 years to evaluate  
thermal-hydrological-mechanical-chemical processes expected to be important in the 
performance of the geologic HLW repositories.  Heater tests the U.S. Department of Energy 
performed in support of its HLW repository program were examined for indicators that thermal 
refluxing may have occurred during the heater test.  Eight criteria were identified in this study as 
potential indicators that thermal refluxing may have occurred.  These criteria included 
observations of temperature excursions, corrosion of engineered materials, and dripping of 
liquids with elevated solute concentrations.  Of the 19 in-situ heater tests examined, 11 tests 
exhibited at least 1 of 8 criteria that could indicate thermal refluxing, 4 of the tests were 
conducted in a manner that would not have permitted at least one of the criteria to be observed, 
and 4 of the tests did not exhibit any of the criteria, even though conditions were potentially 
favorable for observing all 8 criteria.  Five of the 11 tests with observations possibly indicating 
thermal refluxing were selected for further analysis:  two Climax small borehole tests, the Climax 
Spent Fuel Test, the Large Block Test (LBT),2 and the Drift Scale Test (DST).3 
 
Observations from these five heater tests suggest that thermal refluxing may have occurred.  
The Climax Spent Fuel Test exhibited elevated concentrations in rock water and corrosion of 
engineered materials placed in the rock mass.  The two Climax small borehole tests, the LBT, 
and the DST exhibited temperature excursions.  The DST also exhibited staining on the drift 
ceiling and on the floor canisters, and corrosion of engineered materials both within the heater 
drift and in the rock mass.  It is difficult to extrapolate these observations to large spatial or 
temporal scales, but it is interesting to note that the largest heater test with the longest duration 
(i.e., the DST) exhibited six of the eight criteria identified as indicators of thermal refluxing. 
 
All these tests were conducted in fractured rock.  Fractures penetrate into the drift ceiling and 
provide the opportunity for possible thermal refluxing into the open heater cavities.  Four of 
these five tests also included vertical boreholes that penetrated the boiling isotherm, and 
thermal refluxing within boreholes may have been observed in all four heater tests.  A borehole 
or an ungrouted rock bolt could support thermal refluxing when the drift wall is above boiling, the 
boiling isotherm extends into the bulk rock, and the borehole extends upwards and past the bulk 
rock boiling isotherm.  Under these conditions, the top of the borehole serves as a focal point for 
condensation for two reasons:  (i) the borehole acts as a chimney for upward movement of 
water vapor and (ii) the below-boiling borehole wall temperature allows for water vapor to 
condense on the borehole wall, thereby providing a continuous source of water for downward 
refluxing.  In summary, based on the analysis of these heater tests, thermal refluxing may occur 
in both fractures and boreholes. 

                                                 
1 The term high-level nuclear waste is used throughout this report.  The acronym HLW will be used. 
2 The term Large Block Test is used throughout this report.  The acronym LBT will be used. 
3 The term Drift Scale Test is used throughout this report.  The acronym DST will be used. 
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1  INTRODUCTION 
 
Investigative programs have been undertaken during the past 30 years to evaluate the 
performance of proposed and potential geologic repositories for high-level nuclear waste 
(HLW)1 (Bechtel SAIC Company, LLC, 2007a).  A key element in major international HLW 
programs has been the use of underground facilities in which characterization, testing, 
technology development, and demonstration activities have been performed (Nuclear Energy 
Agency, 2001).  Such facilities, commonly referred to as underground research laboratories, 
have been developed to provide scientific and technical information and practical experience 
needed for the design and construction of disposal facilities and, specifically, for the 
development of the safety case that must be presented at various stages of repository 
development (Nuclear Energy Agency, 2001).  
 
In-situ thermal tests were conducted as part of these investigative programs to evaluate 
thermal-hydrological-mechanical-chemical processes expected to be important to the 
performance of the geologic HLW repositories.  A central element to the objectives of these 
tests was to replicate, to the degree possible, actual HLW repository conditions and outcomes.  
Motivation of tests in the United States has differed from international tests because the  
DOE has identified a potential site in unsaturated rock for its HLW repository, whereas 
essentially all other international programs target saturated zone sites.  For this important 
reason, technical objectives of testing in the United States have differed from objectives of 
testing in countries whose programs are focused on the saturated zone. 
 
The DOE underground research activities have evolved during the past four decades.  Starting 
in the 1970s, DOE began to conduct in-situ and field-scale tests and investigations to support its 
HLW program.  These tests were conducted in a variety of geologic settings and served a broad 
range of objectives.  DOE continued with this effort by developing a focused thermal testing 
program in the 1980s to characterize Yucca Mountain, Nevada, as the potential site for a 
geologic HLW repository (U.S. Department of Energy, 1988).  The DOE thermal testing program 
was evaluated in 1994 such that the program eventually included the Large Block Test (LBT),2 
the Single Heater Test (CRWMS M&O, 1997), and the Drift Scale Test (DST)3  DOE, 1995).  
Results from these tests have been integral to the DOE thermal testing program (CRWMS 
M&O, 1997; Bechtel SAIC Company, LLC, 2007b).  Of particular interest is whether thermal 
refluxing may have occurred during heater tests DOE performed in support of its HLW 
repository program.  Thermal refluxing is the process whereby downward flowing liquid water 
penetrates into rock at above-boiling temperatures (Figure 1-1).  Thermal refluxing is important 
to repository performance because refluxed water could enter emplacement drifts and affect 
waste package corrosion and the subsequent transport of radionuclides (Leslie, et al., 2007). 
 
The objective of this analysis is to examine results from past in-situ and field-scale heater tests 
and to examine whether the test results indicate that thermal refluxing may have occurred 
during the conduct of the tests.  Because these tests were not originally intended to examine 
whether thermal refluxing occurs, they were not performed to target test outcomes that 
categorically focused on thermal refluxing.  Nonetheless, close examination of these test results 
provides valuable insights on thermohydrological processes that were active during the tests 
and may have promoted thermal refluxing.  
 

                                                 
1The term high-level nuclear waste is used throughout this report.  The acronym HLW will be used. 
2The term Large Block Test is used throughout this report.  The acronym LBT will be used. 
3The term Drift Scale Test is used throughout this report.  The acronym DST will be used. 
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Figure 1-1.  Schematic Illustration of Thermal Refluxing at a High-Level Waste 

Repository Emplacement Drift.  The Boiling Isotherm Is Located at the Outer Boundary 
of the Dryout Zone.  The Heavy Blue Line Denotes Downward Moving Thermal Refluxed 
Liquid (QR) as It Penetrates the Boiling Isotherm.  Sh1 Denotes Liquid Water Shed Off the 

Dryout Zone.  Sh2 Denotes Water Vapor as It Rises in Fractures or Boreholes and 
Penetrates Into the Dryout Zone. 
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2  BACKGROUND 
 
Emplacement of heat-generating HLW in a geologic repository could lead to moisture 
redistribution in the geologic media near the repository and in the emplacement drifts  
(Wang, et al., 1999; Bechtel SAIC Company, LLC, 2007a; Sandia National Laboratories, 
2007a,b). Ramspott (1991), Tsang (2000), and Leslie, et al. (2007) describe conceptual models 
for heat and mass transport processes expected to be active and to dominate water movement 
during the heating phase of a HLW repository located in partially saturated fractured rock.  In 
these conceptual models, water vaporizes near emplacement drifts when and where 
temperatures are above boiling.  The resulting water vapor is transported away from the heat 
source by diffusion and convection via fractures and other openings in the rock until reaching 
the boiling isotherm beyond which point water vapor will condense (Figure 1-1). 
 
Thermal refluxing in the rock above an emplacement drift may affect the solute concentration of 
water being refluxed.  It is conceptualized that thermal reflux water may increase solute 
concentration as the water flows downward toward the heat source and is vaporized.  Flow 
down the same pathway, either intermittently or continuously, would deliver increasingly 
concentrated water to the terminus of the flow path.  The terminus of the flow path may be the 
point where liquid drips into to an emplacement drift, or it may be the point along the flow path 
where the remainder of liquid water is vaporized.  Elevated solute concentrations can increase 
the boiling temperature of the refluxing liquids, thereby allowing the liquids to penetrate deeper 
into the heated rock before evaporating (Juckett, 2006; Yang, et al., 2006).  Green and Prikryl 
(1999, 1998) interpreted posttest inspection of material deposited in the heater cavities of two 
laboratory-scale heater tests to substantiate this conceptualization of increased solute transport 
in refluxed water.  
 
There are many complexities that may affect thermal seepage.  Heating, infiltration, and 
ventilation rates could impact thermal refluxing occurrence and distribution.  Scale dependency 
and natural heterogeneity renders predicting the occurrence of thermal refluxing at the potential 
HLW repository at Yucca Mountain particularly challenging.  The analysis of thermal refluxing 
under repository conditions is made difficult by the relatively long duration of the heating phase 
of the HLW repository.  This complexity can be compounded if emplacement drifts experience 
structural collapse (Yucca Mountain Site Characterization Project, 2002; Ofoegbu, et al., 2003; 
Manepally, et al., 2004).  Under this circumstance, additional or larger fracture pathways are 
conceivably introduced into the rock mass, potentially allowing for increased thermal refluxing.  
Given the cumulative complexity of a geologic repository environment, observations of 
indicators of thermal refluxing at field tests may help explain conditions that might cause  
thermal refluxing. 
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3  INDICATORS OF THERMAL REFLUXING 
 
Observations or direct and indirect indicators of heat and mass transfer in relevant and natural 
settings provide information on whether thermal refluxing could occur in a HLW repository 
emplacement drift.  Results from past in-situ heater tests offer opportunities to analyze 
numerical simulations; however, examining thermal refluxing under repository conditions is 
problematic because realistic repository conditions are not easily observed (Tsang, 2000).  
Direct observation of thermal refluxing in geologic media is generally problematic for  
several reasons.  
 
• Thermal refluxing does not typically occur under natural geologic conditions.  An 

anthropogenic heat source with sufficient power is needed to vaporize water and create a 
dryout zone for thermal refluxing to occur.  In the absence of a sufficiently strong heat 
source, water may be thermally redistributed, but heat and mass transfer processes 
appropriate for thermal refluxing may not exist.  Igneous or hydrothermal activity can 
conceivably provide natural geologic conditions under which thermal refluxing would occur; 
however, no natural analog location where thermal refluxing could be examined has been 
identified. 

 
• Thermal refluxing is highly dependent on the spatial heterogeneity exhibited by fractured 

tuff.  It would be extremely difficult to a priori identify which fractures would exhibit thermal 
refluxing during a heater test so that those particular fractures can be monitored during 
testing. 

 
• The temporal scale during which thermal refluxing might occur at Yucca Mountain could be 

hundreds or thousands of years.  It is difficult to effectively replicate as a test those 
processes that would evolve in the repository environment over long time periods.  This 
difficulty complicates efforts to simulate how changes in the repository environment would 
affect thermal refluxing. 

 
• The combined effect of large spatial and temporal scales increases the challenge to identify 

when and where thermal refluxing would occur.  The spatial scale of an experiment may be 
insufficient to comprise a representative elemental volume appropriate for thermal refluxing.  
For example, refluxing is expected to occur in fractures, not the rock matrix.  An experiment 
that has insufficient size to interact with a sufficient sampling of fractures may not encounter 
fractures in which thermal refluxing is active.  For example, it was observed that 50 percent 
of the water that seeped into a drift at the Underground Research Laboratory at Stripa 
occurred in only 3 percent of the drift (Gnirk, 1993).  A sampling of the drift that did not 
include this particular 3 percent would provide a much different assessment than a sampling 
that included this 3 percent. 

 
• Observations that suggest thermal refluxing during a posttest analysis of a heater test 

typically do not provide conclusive information on the timing and duration of 
thermal refluxing. 
 

Temperature excursions observed in the rock are considered one of the indicators of thermal 
refluxing.  Observation of precipitate deposited at the terminus of the thermal fluxing pathway 
and corrosion of engineered materials also indicate that thermal refluxing may have occurred 
during a heater test.  Posttest examination of heater cavities and the rock mass provides an 
opportunity to analyze whether material was deposited during a heater test.  Observations 



 3-2

examined in this report related to precipitates or corrosion products do not necessarily indicate 
that thermal refluxing occurred, because the timing of source processes and deposition cannot 
be uniquely determined.  Specifically, these processes may have occurred when the rock 
temperatures were above boiling or during the cooling phase when the rock temperatures had 
dropped below boiling. 
 
Temperature excursions manifested as rapid declines and fluctuations in above-boiling 
temperature indicate that liquid water may have penetrated rock that was previously above 
boiling.  A key challenge in using temperature as an indicator of thermal refluxing is to detect the 
refluxing water as it flows down fractures.  Although thermocouples and other temperature 
measurement devices can be relatively easily inserted into a rock matrix, it is difficult to insert 
instrumentation into fractures in bulk rock (Tsang, 2000).  There are several issues related to 
this challenge.  One issue is that the insertion of instrumentation into a fracture is expected to 
modify the hydraulic properties of the fracture, possibly causing water to bypass the 
instrumentation.  A second issue is that flow follows meandering paths along fractures of open 
boreholes, making it difficult to know where to place instrumentation to intercept flow (Or and 
Ghezzehei, 2007; Glass, et al., 2003).  It is difficult to know where to place temperature 
measurement instrumentation in a fracture to detect thermal refluxing liquid water, and even if 
such a location were known, it would be challenging to place the instrument at the precise 
location to detect the pulse of thermal refluxing water.  A third issue is the detection of thermal 
refluxing at the exact time it occurs.  Most temperature instrumentation takes measurements at 
discrete time intervals.  It is possible that a thermal refluxing pulse could pass undetected if the 
temperature measurement is taken at a time other than when the pulse occurs. 
 
Heater tests examined as part of this study were neither designed nor conducted to test for 
thermal refluxing.  Nonetheless, it is believed that test observations may indicate whether 
thermal refluxing occurred during the conduct of the tests.  Documents describing these tests 
were examined for any indication that thermal refluxing may have occurred during the tests.  
Eight specific criteria were identified as indicators that thermal refluxing could have occurred 
during the tests.  The first four criteria address mechanisms that occurred mainly in the rock, 
and the second four criteria address mechanisms that occurred mainly in the heater chamber, 
whether it was a borehole or a drift.  The eight criteria are 
 
(1)  Temperature excursions (i.e., typically rapid decreases in temperature) detected by 
thermocouples located in the pathway of the downward flow of liquid water 
(2)  Chemical analyses of collected water samples that indicate elevated concentrations 
consistent with potential thermal refluxing and not dilute condensate 
(3)  The presence of solute staining on fracture surfaces consistent with evaporated  
reflux water 
(4)  Corrosion of engineering materials placed in the rock mass during the heater test 
(5)  Precipitate staining at the point where fracture flow drains into the open-air space 
(6)  Precipitate staining on open-air drift floors, materials that collapsed into an open-air drift, or 
engineered system 
(7)  Observed thermal refluxing dripping into an open-air drift 
(8)  Corrosion of engineering materials placed in the open-air drift during the heater test 
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4  HEATER TESTS 
 
DOE contractors conducted heater tests between 1977 and 2005 to evaluate certain aspects of 
the U.S. HLW repository program.  Table 4-1 lists 19 heater tests of interest and relevance to 
this study comprising all identified tests with the following common characteristics. 
 

• Tests conducted under vadose conditions 
• Tests conducted in fractured rock  
• Tests did not use backfill material, such as bentonite clays 
• Tests used a heat source to redistribute moisture 
• Tests conducted for sufficiently long durations with sufficiently high heating to 

redistribute moisture in the rock proximal to the heat source 
• Temperature was monitored 
• Indicators of thermal refluxing were potentially available for analysis 

 
Although the 19 tests were not conducted to evaluate thermal refluxing, ancillary observations 
from these tests could provide corroborative support that thermal refluxing may have occurred 
during the tests. 
 
With the exception of tests conducted at the Climax Mine complex, all tests were conducted in 
volcanic tuff.  The Climax Mine complex tests were conducted in granite.  Only one test, the  
G-Tunnel heated block cycle 1 test, had a heater temperature {95.2 °C [203.4 °F]} that did not 
exceed boiling.  Two other tests had no temperatures that exceeded boiling measured in the 
rock, but because the heater temperatures were sufficiently high for sufficiently long periods 
{i.e., 145 °C [293 °F] in the 3-year-long Climax Spent Fuel Test and 250.7 °C [482.4 °F] in the 
21-day-long G-Tunnel heated block, cycle 2 test}, above-boiling temperatures were likely 
experienced in the rock during these two tests at locations where temperature was 
not measured. 
 

Table 4-1  Heater Tests Examined for Indication of Thermal Refluxing 
Test No. Test Date Sponsor* 

1 Climax small borehole H–1 1977 LLNL 
2 Climax small borehole H–2 1977–1978 LLNL 
3 Climax small borehole P–1 1978 LLNL 
4 Climax Spent Fuel Test 1980–1983 LLNL 
5 G-Tunnel water migration/heater 1980 SNL 
6 G-Tunnel single borehole series–IWa 1982 SNL 
7 G-Tunnel single borehole series–IWb 1982 SNL 
8 G-Tunnel single borehole series–IN 1982 SNL 
9 G-Tunnel single borehole series–IIWc 1984 SNL 

10 G-Tunnel single borehole series–IIWd 1984 SNL 
11 G-Tunnel single borehole series–IIWe 1984 SNL 
12 G-Tunnel single borehole series–IIWf 1984 SNL 
13 G-Tunnel heated block, thermal cycle 1 1983 SNL 
14 G-Tunnel heated block, thermal cycle 2 1983–1984 SNL 
15 G-Tunnel heated block, thermal cycle 3 1984 SNL 
16 G-tunnel single borehole heater test 1988–1989 LLNL 
17 Large Block Test  1997–1998 SNL 
18 Single Heater Test  1996–1997 LBNL 
19 Drift Scale Test  1997–2005 LBNL 

*Lawrence Livermore National Laboratory (LLNL), Sandia National Laboratories (SNL), Lawrence Berkeley National  
Laboratory (LBNL). 
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Of the 19 tests, 11 tests exhibited at least 1 of the 8 criteria (Section 3) that could indicate 
thermal refluxing, 4 of the tests were conducted in a manner that would not have permitted any 
of the criteria to be observed, and 4 of the tests did not exhibit any of the criteria even though 
conditions permitted observing all 8 criteria.  A subset of the 11 tests possibly indicating thermal 
refluxing is reviewed in the following sections.  This subset includes two Climax small-diameter 
borehole tests, the Climax Spent Fuel Test, the LBT, and the DST. These tests and 
observations indicating the possible occurrence of thermal refluxing are summarized next.   
 
Relevance of the test data is summarized in Table 4-2. 
 
4.1 Climax Small-Diameter Borehole Heater Tests 
 
Two in-situ small-diameter borehole heater tests were conducted in 1977–1978 in unsaturated 
fractured rock at the Climax mine located in the Climax Stock quartz monzonite at the Nevada 
Test Site, Nevada.  Two heater tests, referred to as H–1 and H–2, were conducted 420 m  
[1,378 ft] below ground surface to obtain information on the in-situ thermal conductivity, thermal 
diffusivity, and permeability of quartz monzonite (Montan and Bradkin, 1984).  Temperature was 
recorded during the two heater tests at four depths in adjoining boreholes oriented parallel to 
the heater boreholes: one depth below the heater, two depths near the heater midplane, and 
one depth above the heater.  Temperature was reported in terms of temperature rise over the 
ambient {23 °C [73.4 °F]} (Montan and Bradkin, 1984), so boiling {96 °C [204.8 °F]} at the 
Climax mine horizon would have been a rise of about 73 °C [131.4 °F] above the ambient 
temperature.  A plan view of borehole locations for these three tests is illustrated in Figure 4-1.  
 
In heater test H–1, boreholes I–02 (Figure 4-2) and J–01 (Figure 4-3) exhibited temperature 
excursions in the same horizon as the heater with above-boiling temperatures rapidly 
decreasing to the boiling temperature presumably by the cooling effect of thermal refluxing 
(Montan and Bradkin, 1984).  The temperature excursions were shown by rapid decreases in 
temperature as large as 15 °C [27 °F] in I-02 (Figure 4-2) located 0.285 m [0.93 ft] from the 
heater in borehole H–1 and 23 °C [41.4 °F] in J-01 (Figure 4-3) located 0.407 m [1.33 ft] 
from H–1. 
 
The second heater test, H–2, operated for 62 days in late 1977 and early 1978.  Similar to test 
H–1, Montan and Bradkin (1984) noted indications of refluxing water above the heater.  
Boreholes I–10 (Figure 4-4) and J–02 (Figure 4-5) exhibited temperature excursions where 
temperatures above boiling rapidly decreased to the boiling temperature.  The temperature 
excursions were as large as 50 °C [90 °F] in I–10 (Figure 4-4) located 0.369 m [1.21 ft] from the 
heater in borehole H–2 and 25 °C [45 °F] in J–02 (Figure 4-5) located 0.405 m [1.33 ft]  
from H–2.  
 
The Climax small-diameter borehole heater tests were not conducted in a manner that allows 
rigorous analysis of thermal refluxing.  Nonetheless, temperature measurements in observation 
boreholes may have the temperature signature of liquid water refluxing down the boreholes. 
 
4.2 Climax Spent Fuel Test 
 
The Climax Spent Fuel Test was conducted in the same underground facility as the Climax 
small-diameter borehole heater tests.  Eleven spent fuel canisters and six electric simulators 
were placed in vertical boreholes lined with carbon sheathing located in the drift floor in the  
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Table 4-2.  Summary of Heater Tests With Selected Test Information 
Indicators of Thermal Refluxing‡ 

Test Date Sponsor* Duration 

Maximum 
Heater 

Temperature 
(°C)† 

Maximum  
Rock 

Temperature 
(°C)  1 2 3 4 5 6 7 8

Climax small borehole H–1 1977 LLNL 68 days n.a.'  175  y2 x& x n# n x x n 
Climax small borehole H–2 1977–1978 LLNL 62 days n.a.  150  y x x n n x x n 
Climax small borehole P–1 1978 LLNL 83 days n.a.  419.3  x x x n n x x n 
Climax Spent Fuel Test 1980–1983 LLNL 3 years 145   80  x y x y x x n n 
G-Tunnel water migration/heater 1980 SNL 63 days  473  240  n n n n x x n n 
G-Tunnel single borehole series–IWa 1982 SNL 21.7 

days 
460  240  y x x x n n n n 

G-Tunnel single borehole series–IWb 1982 SNL 7.1 days 460  240  n n x x n n n n 
G-Tunnel single borehole series–IN 1982 SNL 35.0 

days 
360  175  n x x x n n n n 

G-Tunnel single borehole series–IWc 1984 SNL 7.8 days 325  100  n n x n n n n n 
G-Tunnel single borehole series–IWd 1984 SNL 8.1 days 460  195  y n x n n n n n 
G-Tunnel single borehole series–IWe 1984 SNL 7.9 days 500  240  y n x n n n n n 
G-Tunnel single borehole series–IIWf 1984 SNL 11.2 

days 
530  310  y n x n n n n n 

G-Tunnel heated block, thermal 
cycle 1 

1983 SNL 15 days 95.2  78  n n n n n n n n 

G-Tunnel heated block, thermal 
cycle 2 

1983–1984 SNL 21 days 250.7  95  n n n n n n n n 

G-Tunnel heated block, thermal 
cycle 3 

1984 SNL 46 days 360   145  n n n n n n n n 

G-Tunnel single borehole heater test 1988–1989 LLNL 195 days 355  237  n n n n n n n y 
Large Block Test 1997–1998 SNL 375 days 

+ 203 
days 

n.a. 142  y n n n n n n n 
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Table 4-2. Summary of Heater Tests with Selected Test Information (continued) 

Indicators of Thermal Refluxing‡ 

Test Date Sponsor* Duration 

Maximum 
Heater 

Temperature 
(°C)† 

Maximum  
Rock 

Temperature 
(°C) 1 2 3 4 5 6 7 8 

Single Heater Test 1996–1997 LBNL 9 months 
+ 7 

months 

430 165  n n y n n n n y 

Drift Scale Test 1997–2005 LBNL 4 years + 
4 years 

> 250  255  y n n y y y y y 

*Lawrence Livermore National Laboratory (LLNL), Sandia National Laboratories (SNL) and Lawrence Berkeley National Laboratory (LBNL). 
†°F = 1.8 × T °C + 32. 
‡Indicators of Thermal Refluxing: 

1.  Temperature excursions (i.e., typically rapid decreases in temperature) detected by thermocouples located in the pathway of the downward flow of liquid          
water. 
2.  Chemistry analyses of collected water samples that indicate elevated concentrations consistent with potential thermal refluxing and not recent condensate.   
3.  The presence of solute staining on fracture surfaces consistent with evaporated reflux water. 
4.  Corrosion of engineering materials placed in the rock mass during the heater test. 
5.  Precipitate staining at the point where fracture flow drains into the open-air space. 
6.  Precipitate staining on open-air drift floors, materials that collapsed into an open-air drift, or engineered system. 
7.  Observed thermal refluxing dripping into an open-air drift. 
8.  Corrosion of engineered materials placed in the open-air drift during the heater test. 

'n.a. denotes not available. 
2y denotes the phenomenon was observed.  
&x denotes the experiment was not conducted in a manner to permit the phenomenon to be observed. 
#n denotes the phenomenon was not observed.  
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Figure 4-1.  Plan View of Borehole Locations in the Climax Mine Small-Borehole Heater 

Tests (Montan and Bradkin, 1984)  [1 m = 3.28 ft] 
 
 
 

Figure 4-2.  Temperature Measured at Borehole (a) I–02B and (b) I–02C During Heater Test H–1. 
Dotted Lines Denote Measured Values and Solid Lines Are Model Simulations (Montan and Bradkin, 

1984).  Temperature Excursions Are Shown in Blue Ovals.  {T (°F) = 1.80 × [T (K) - 273.15] + 32} 
 

 

(a) (b)
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Figure 4-3.  Temperature Measured at Borehole (a) J–01B and (b) J–01C During Heater Test 
H–1.  Dotted Lines Denote Measured Values and Solid Lines Are Model Simulations 

(Montan and Bradkin, 1984).  Temperature Excursions Are Shown in Blue Ovals.   
{T (°F) = 1.80 × [ (K) - 273.15] + 32} 

 
 

Figure 4-4.  Temperature Measured at Borehole (a) I–10B and (b) I–10C During Heater 
Test H–2.  Dotted Lines Denote Measured Values and Solid Lines Are Model Simulations 

(Montan and Bradkin, 1984).  Temperature Excursions Are Shown in Blue Ovals.   
{T (°F) = 1.80 × [T (K) - 273.15] + 32} 

 
 

Figure 4-5.  Temperature Measured at Borehole (a) J–02B and (b) J–02C During Heater 
Test H–2.  Dotted Lines Denote Measured Values and Solid Lines Are Model Simulations 

(Montan and Bradkin, 1984).  Temperature Excursions Are Shown in Blue Ovals.   
{T (°F) = 1.80 × [T (K) - 273.15] + 32} 

(a) (b) 

(a) (b) 

(a) (b) 
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Climax Spent Fuel Test facility (Figure 4-6).  Of interest in the Climax Spent Fuel Test was the 
chemistry of water observed in canister borehole Climax Emplacement Hole #1 (CEH#1)1 
(Weiss, et al., 1985) and the corrosion of instrumentation placed in the heated rock. CEH#1 is 
thought to have intersected a fracture zone with mobile water, which allowed water to pool in the 
liner-rock annulus (Weiss, et al., 1985).  The chemistry of water sampled from CHE#1 during  
the heating phase is listed in Table 4-3, as well as comparison water sampled from two 
locations in the Climax complex (NH–01 and UG–02) to represent ambient conditions and J–13, 
a well near Yucca Mountain.  The J–13 well water chemistry is included to allow comparison of 
water from the Climax Stock granite with Yucca Mountain water chemistry.  Of greatest interest 
are differences between Climax Stock ambient water chemistries and the chemistry of water 
modified by thermohydrological processes. 
 

 
Figure 4-6.  Plan View of the Climax Spent Fuel Test (Patrick, 1986) 

 
Table 4-3.  Comparison of Water Analyses From the Climax Facility and  

Well J–13  
Species (mg/L) NH–01 UG–02 CEH#1* Well J–13 

Na 229 214 273 43.9 ± 1.19 
Ca 240 114 16.0 12.5 ± 0.77 

SiO2 22.5 23.9 1.4 57.7 ± 1.0 
K 3.8 4.7 538 5.11 ± 0.32 

SO4 850 480 193 18.7 ± 0.47 
Cl 160 70 30 6.9 ± 0.21 

HCO3 65 165 1322† 136. ± 8.1 
F No Data No Data 3.8 2.2 ± 0.32 

NO3 No Data No Data 2.5 9.6 ± 3.63 
*CEH#1 was collected from the Liner Rock Annulus. NH-01 and UG-02 were collected from two locations in the 
Climax Mine Complex and represent ambient conditions. 
†Determined using ionic balance calculation. 
 
                                                 
1Climax Emplacement Hole #1 is referenced throughout this report.  The acronym CEH#1 will be used. 
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The two samples of ambient water were relatively high in Na, Ca, SO4, Cl, and HCO3.  Water 
from the liner-rock annulus was significantly higher in K and lower in Ca, SO4, and Cl.  
Unfortunately HCO3 was not measured in the sample collected from the liner-rock annulus of 
CEH#1, but an ionic balance would dictate a HCO3 concentration exceeding 1,300 mg/l 
[1,300 ppm].  Weiss, et al. (1985) were not able to determine which specific processes led to 
differences in the composition of the CEH#1 sample compared with ambient water; however, 
they identified variation in equilibria with temperature, concentration by distillation, contact with 
the zinc-coated steel liner, interaction with the grout, radiolysis, and ion exchange with the rock 
as possible reasons why chemistries differed.  The elevated ionic concentration of the CEH#1 
water sample may be a manifestation of thermal refluxing. 
 
No corrosion was evident on the canisters at the conclusion of the Climax Spent Fuel Test; 
however, 10 extensometers failed due to stress-corrosion cracking during and after the Climax 
Spent Fuel Test (Patrick, 1986; Patrick, et al., 1984).  The presence of calcium carbonate at the 
roots of the corrosion cracks indicated that extensometer seals had leaked, allowing water to 
enter.  Post-heater test assessment in the laboratory confirmed that corrosion of the 
extensometer connecting rods would not occur when exposed to ambient Climax stock water at 
50 °C [122 °F], but would occur when CuCl2–2H2O was added to the ambient Climax stock 
water to increase the chloride concentration.  Corrosion is interpreted to have resulted from the 
increase in chloride concentration caused by repetitive evaporation/condensation mechanisms 
associated with thermal refluxing of water either in fractures that intersected the extensometer 
boreholes or in the boreholes (Patrick, 1986). 
 
4.3 Large Block Test 
 
The LBT was conducted at an outcrop of the middle nonlithophysal unit of the Topopah Spring 
tuff (Tptpmn)2 at Fran Ridge, Nevada.  A 3 × 3 × 4.375-m [9.8 × 9.8 × 39.9-ft]-high column of the 
rock mass was excavated from the Tptpmn outcrop on the eastern slope of Fran Ridge (Wilder, 
et al., 1997; Lin, et al., 2001).  The block was heated by five electrical heaters individually 
placed in five horizontal boreholes, all of which were located in a horizontal plane 2.74 m [9.0 ft] 
below the block top.  A heat exchanger maintained the top surface of the block at a constant 
temperature of about 60 °C [140 °F] (Bechtel SAIC Company, LLC. 2007b; Mukhopadhyay and 
Tsang, 2002).  The block was monitored during a 375-day heating phase and the subsequent 
204-day cooling phase. 
 
Temperatures were measured in a vertical borehole (i.e., TT1) drilled into the top of the block.  
Thermocouples were numbered from 1 at the bottom of the borehole (i.e., TT1-1) to 28 at the 
top of the borehole (i.e., TT1-28).  There were two prominent thermal events (referred to as 
Event 1 and Event 2) observed in temperatures measured in TT1. 
 
During Event 1, the heat exchanger on top of the block malfunctioned for about 10 days starting 
on Day 104.  Event 2 started on Day 186 in conjunction with heavy rain.  Common to both 
events are temperature excursions observed in TT1 that are consistent with thermal refluxing.  
During Event 1, a heat pipe was observed above the heater horizon in TT1-1 for about  
400 hours after the malfunction of the heat exchanger.  Temperatures that stabilize near the 
boiling point suggest that the heat pipe sequentially developed, forming first at the heater 
horizon, then rising up the borehole.  One possible explanation for this thermal evolution is that 
failure of the heat exchanger at the top of the block allowed condensate to form in the rock at 
                                                 
2Middle nonlithophysal unit of the Topopah Spring tuff (Tptpmn) is referenced throughout this report.  The 
acronym Tptpmn will be used. 
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the top of the block and then drip downward, leading to subsequent vaporization where rock 
temperatures exceeded boiling.  Multiple repetitions of the vaporization/condensation cycle 
would result in rapid temperature excursions similar to those observed in Figure 4-7.  
 
A heat pipe again formed in TT1 during rain associated with Event 2, shown by an abrupt switch 
to near-boiling temperatures throughout TT1 instead of the strong temperature gradient of  
0.6 °C/cm [10.0 °F/ft] previously seen (Lin, et al., 2001).  Temperatures dropped by >40 °C  
[72 °F] in the same locations.  The heat pipe began to collapse after the onset of rain, first at the 
heater horizon and eventually progressing upward to the top of the block over 2 days.  Of 
special interest are the rapid temperature excursions observed at locations above the heater 
horizon after the collapse of the heat pipe (Figure 4-8).  During Event 2, the boiling isotherm 
was penetrated by thermal refluxing water to a depth of approximately 10 cm [3.9 in] through an 
initial temperature gradient of 0.6 °C/cm [33 °F/ft].  
 
Both events resulted in water that infiltrated into the center of the block from the top.  
Temperature excursions are possible indicators that thermal refluxing occurred in vertical 
borehole TT1 in response to two events that allowed liquid water to be introduced in fractures at 
the top of the block.  Rapid temperature excursions were observed in TT1 even though the 
borehole had been grouted after instrument installation.   
 
Although particular features of the two events differed, temperatures at the heat source horizon 
in TT1 exceeded boiling during both events.  If the patterns of the temperature fluctuation 
indicate thermal refluxing, the thermal refluxing did not continue throughout the entire heater 
test, but may have been active at times water was available to initiate the process. 
 

 

Figure 4-7.  Temperature Measurements in Borehole TT1 During Event 1 in the Large Block 
Test (Wilder, et al, 1997).  The Arrows Denote the Times at Which the Individual Resistance 

Temperature Devices Were No Longer Contained in a Heat Pipe.  After That Time, 
Temperatures Fluctuated Possibly Indicating Episodic Exposure to Dripping Water.   

[°F = (1.8 × T °C + 32)] 
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Figure 4-8.  Temperature History at Resistance Temperature Devices TT1-12 to TT1-17 

Recorded During the Large Block Test for Days 180 to 191 Inclusive of Thermal Event 2  
(Lin, et al., 2001)  [°F = (1.8 × T °C + 32)] 

 
4.4 Drift Scale Test  
 
The DST was conducted in the Exploratory Studies Facility at Yucca Mountain to enhance the 
understanding of the thermal-mechanical-chemical-hydrological coupled processes of the 
middle nonlithophysal unit of the Tptpmn.  The DST consisted of a 55-m [180.4-ft]-long, 5-m 
[16.4-ft]-diameter drift equipped with 9 floor canister heaters in the drift and 50 wing heaters 
installed in horizontal boreholes drilled perpendicular to the drift into the rock (Figure 4-9).  The 
floor heaters were intended to simulate waste packages within the emplacement drifts and the 
wing heaters were included to simulate the influence of adjoining emplacement drifts, (Bechtel 
SAIC Company, LLC, 2007b).  The DST was monitored during a four-year heating phase and 
during a passive cooling phase that lasted an additional four years.  Temperature 
measurements and indications of corrosion from the DST may be consistent with thermal 
refluxing. 
 
Temperatures measured as part of a multipoint borehole extensometer (MPBX)3 assembly to 
allow for correction of displacement measurements provided valuable temperature 
measurements near the heater drift.  A schematic design of a MPBX is illustrated in Figure 4-10.  
MPBX9 was installed in Borehole 156, the vertically oriented borehole located in the ceiling in 
the middle segment of the heater drift.  Locations of the thermocouples are summarized in 
Table 4-4.  Temperature measurements are shown in Figure 4-11 (Bechtel SAIC Company, 
LLC, 2007b).  The thermocouples were consecutively numbered from TC-1 at the drift crown to 
TC-8 at the far end of the borehole.  Of interest are thermocouples TC-1, TC-2, TC-3, TC-4, and 
TC-5 whose temperatures reached or exceeded boiling {96 °C [204.8 °F]} at the DST horizon 
during the heating portion of the test.  The time at which the temperature attained boiling is 
plotted versus height above the drift crown in Figure 4-12. 
 
Temperature excursions that decreased to the boiling temperature are of interest because they 
can indicate potential thermal refluxing.  Of particular interest is the period spanning Day 1,090 

                                                 
3Multipoint borehole extensometer is referenced throughout this report.  The acronym MPBX will be used. 
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Figure 4-9. Layout of the Drift Scale Test Boreholes Containing Multipoint Borehole 
Extensometer Instrumentation (Blair, et al., 2001) [1 m = 3.28 ft] 

 

 
Figure 4-10.  Schematic of a Multipoint Borehole Extensometer [1 m = 3.28 ft]  
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Table 4-4. Thermocouple and MPBX* Anchor Metric Locations of MPBX9 in  
Borehole 156 in the Drift Scale Test†  

Sensor Type X (m)‡ Y (m) Z (m) 
ESF-HD-156-MPBX-TC-1 Thermal - TC -0.013 21.001 2.504 
ESF-HD-156-MPBX-TC-2 Thermal - TC -0.010 20.997 3.604 
ESF-HD-156-MPBX-TC-3 Thermal - TC -0.007 20.993 4.604 
ESF-HD-156-MPBX-TC-4 Thermal - TC -0.005 20.990 5.504 
ESF-HD-156-MPBX-TC-5 Thermal - TC -0.002 20.985 6.604 
ESF-HD-156-MPBX-TC-6 Thermal - TC 0.003 20.978 8.504 
ESF-HD-156-MPBX-TC-7 Thermal - TC 0.013 20.965 12.004 
ESF-HD-156-MPBX-TC-8 Thermal - TC 0.028 20.944 17.354 

ESF-HD-156-MPBX-ANC-1 Mechanical - MPBX -0.010 20.997 3.604 
ESF-HD-156-MPBX-ANC-2 Mechanical - MPBX -0.007 20.993 4.604 
ESF-HD-156-MPBX-ANC-3 Mechanical - MPBX -0.002 20.985 6.604 
ESF-HD-156-MPBX-ANC-4 Mechanical - MPBX 0.028 20.994 17.354 

*Multipoint Borehole Extensometer   
†CRWMS M&O, 1998 Appendix A    
‡1 m = 3.28 ft 

 
 

 
Figure 4-11.  Temperature Data for Drift Scale Test Borehole 156 (Multipoint Borehole 

Extensometer 9 (Bechtel SAIC Company, 2007b).  The Upward Pointing Arrows Denote the 
Time at Which Boiling Was Detected at That Thermocouple.  The Double-Headed Arrows 

Denote the Maximum Temperature Depression Observed at That Thermocouple.  TCs Denote 
Thermocouples Placed in the Multipoint Borehole Extensometer Borehole.  Thermocouple 

TC-1 Is Located Closest to the Drift Wall and TC-8 Is Farthest.   
[°F = (1.8 × T °C + 32)] 

 

TC-2 TC-3  TC-5 

TC-1          TC-2       TC-3  TC-4   TC-5           TC-6                TC-7

TC-4 
Temperatures for MPBX-9 
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Figure 4-12.  Plot of Time When Temperature Exceeded Boiling Versus Height Above the 

Drift Crown Measured at Thermocouples Attached to Multipoint  Borehole Extensometer 9 in 
Borehole 156.  Data Were Extracted From Bechtel SAIC LLC (2007).  [1 m = 3.28 ft] 

 
to Day 1,300, a period during which the bulk rock temperature exceeded boiling at a point 
located 9.5 m [31.2 ft] above the drift crown, and temperatures episodically dropped 100°C  
[180 °F] (to boiling) at TC-1 located at the drift crown in Borehole 156.  These two concurrent 
observations imply that thermal refluxing penetrated the boiling isotherm by as much as 9.5 m 
[31.2 ft], depressing temperatures at the drift crown by as much as 100 °C [180°F].  The 
concurrent rise in temperatures at locations previously below boiling may support the 
interpretation that thermal refluxing created steam that rose in the borehole leading to their 
increase in temperature. 
 
Based upon the observations in Borehole 156, temperature measurements from the eight other 
MPBX boreholes located in the heater drift ceiling were also inspected for temperature 
excursions.  Temperature data for all boreholes (i.e., Boreholes 147, 148, 149, 154, 155, 156, 
178, 179, and 180) have been plotted in Figure 4-13 [a–i].4  The MPBX number associated with 
each borehole is illustrated in Table 4-5.   
 
Several thermocouples apparently malfunctioned during the heater test.  Temperature data 
collected at these thermocouples (i.e., TC-6 in Borehole 148, TC-1 in Borehole 155,  
TC-8 in Borehole 178, TC-3 and TC-6 in Borehole 179) were removed from their respective 
graphs in Figure 4-13.  Other thermocouples exhibited periods of spurious data (TC-6 in 
Borehole 180); however, these data also exhibited periods of apparent coherent data and were 
therefore left in Figure 4-13.  
 
Some temperature data appear anomalous; however, these seemingly anomalous data could 
be explained by their possible proximity to a preferential flow feature conveying heat upward 
through open pathways.  For example, temperatures at TC-3 {located approximately 2 m [6.6 ft] 
above the drift crown} in Borehole 148, TC-6 {located approximately 4.1 m [13.4 ft] above the 
drift crown} in Borehole 155, and at TC-6 {located approximately 4.1 m [13.4 ft] above the drift 
crown} in Borehole 179 were much greater than at thermocouples located closer to the heat 
source in each borehole.  These anomalously high temperatures may indicate that a preferential 
flow feature, such as a fracture, passes closely to these thermocouples exposing them to higher 

                                                 
4The temperature data plotted in Figure 4-13 was based on data made available by DOE.  The data tracking numbers 
are described in Scientific Notebook No. 822. 
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temperature steam.  Supporting this analysis is the observation that Boreholes 148, 155, and 
179 are all located in the drift crown above the left rib of the heater drift. 
 
Other anomalous or inconsistent data were observed.  Temperatures measured at TC-4 and 
TC-7 in Borehole 147, TC-3 and TC-4 in Borehole 155, and TC-4 and TC-5 in Borehole 156 
appeared to be reversed relative to the drift such that thermocouples located farther from the 
drift had temperatures greater than thermocouples located closer to the drift.  It is not known 
whether these data are erroneous or if they indicate heat and mass transfer through preferential 
pathways (i.e., fractures or other pathways available for steam transport).  
 
As illustrated in Figure 4-13, varying degrees of temperature excursions were observed in all 
nine boreholes.  In general, the three MPBX boreholes nearest the thermal bulkhead (i.e., 147, 
148, and 149) exhibited marginally less variability in temperature compared with boreholes 
located farther from the bulkhead.  Similarly, vertically oriented boreholes exhibited greater 
temperature excursions than did the slanted boreholes, although one of the slanted boreholes at 
each of the three locations (i.e., 147, 154, and 179) exhibited temperature excursions of the 
same scale as the vertical boreholes (i.e., 149, 156, and 180).   
 
The largest temperature excursions were observed in the vertical borehole in the middle fan 
(i.e., 156) and two boreholes in the fan located at the back of the drift (i.e., 179 and 180).  There 
were sufficiently large temperature excursions at the thermocouples located at the drift crown 
(i.e., TC-1) in virtually all boreholes; therefore, temperature excursion might indicate thermal 
refluxing liquids reaching the drift crown during at least a part of the heating phase of the heater 
experiment.  Temperature excursions near the drift crown during the cooling phase were most 
evident in Borehole 156.  Boreholes near the back of the drift exhibited longer periods during 
which rapid temperature excursions were detected at the drift wall compared with the boreholes 
closest to the bulkhead.  Close inspection of the collar anchors in each of the MPBX boreholes 
may indicate whether thermal refluxing associated with the temperature excursions resulted in 
precipitate deposition at the drift crown.  
 
Indications of both corrosion and dripping into the heater drift were observed during a facility 
inspection at the conclusion of the test.  Because these observations were made when the test 
was being dismantled, the timing of corrosion or water dripping cannot be linked to a 
temperature.  Photographs of cables on the floor of the heater drift (Figure 4-14), a rock bolt in 
the heater drift ceiling (Figure 4-15), access tubes installed in the rock mass (Figure 4-16), and 
the floor canisters (Figures 4-17 and 4-18) indicate these processes.5  The extensive corrosion 
of access tubes that was installed in boreholes indicates potential formation of corrosive liquids 
in fractures or boreholes in the rock mass (Figure 4-16).  Similarly, thermal refluxing formation in 
either a fracture or a borehole may have caused dripping onto a floor canister (Figures  4-17 
and 4-18) and cables within the heater drift (Figure 4-14).  Liquid that dripped onto the 
cables was sufficiently corrosive to have apparently corroded through the cable sheathing 
(Figure 4-14).  The source locations (i.e., fracture or borehole) for the staining on the floor 
canister or the corrosive material on the cables are not known, but at least one borehole 
exhibited stains that may be suggestive of refluxing down a rock bolt (Figure 4-15). 
 
   
5Smart, K.  Photographs of the Drift Scale Test Taken on April 18, 2006.  Scientific Notebook No. 792.  San Antonio, 
Texas:  Center for Nuclear Waste Regulatory Analyses.  2006. 
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Figure 4-13.  Temperature Measurements Recorded at Multipoint Borehole Extensometer (a) 3 Borehole 147, (b) 4 Borehole 148,  
(c) 5 Borehole 149, and (d) 7 Borehole 154 Installed in the Heater Drift Crown.  TCs Denote Thermocouples Placed in the Multipoint 

Borehole Extensometer Borehole.  Thermocouple TC-1 Is Located Closest to the Drift Wall and TC-8 Is Farthest.  [°F = (1.8 × T °C + 32)] 
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Figure 4-13 (continued)  Temperature Measurements Recorded at Multipoint Borehole Extensometer (e) 8 Borehole 155,  

(f) 9 Borehole 156, (g) 11 Borehole 178, and (h) 12 Borehole 179 Installed in the Heater Drift Crown.  TCs Denote Thermocouples Placed 
in the Multipoint Borehole Extensometer Borehole.  Thermocouple TC-1 Is Located Closest to the Drift Wall and TC-8 Is Farthest.   

[°F = (1.8 × T °C + 32)] 
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Figure 4-13 (continued)  Temperature Measurements Recorded at Multipoint Borehole 

Extensometer (i) 13 Borehole 180 Installed in the Heater Drift Crown.  TCs Denote Thermocouples 
Placed in the Multipoint Borehole Extensometer Borehole. Thermocouple TC-1 is Located Closest 

to the Drift Wall and TC-8 is Farthest.  [° F = (1.8 × T °C + 32)] 
 
 

Table 4-5.  MPBXs* Installed in Boreholes in the Heater Drift 
Borehole Number MPBX Number 

147 3 
148 4 
149 5 
150 6 
154 7 
155 8 
156 9 
157 10 
178 11 
179 12 
180 13 
181 14 

*Multipoint Borehole Extensometers 
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Figure 4-14.  Cables Located on the Invert at the Side of the Canister Heaters 
in the Heater Drift With Indications of Corrosion (Photographs Taken in 2006 

and Printed Permission of K. Smart, Earth and Planetary Sciences Group, 
Department of Earth, Material and Planetary Sciences, Geosciences and 

Engineering Division, Southwest Research Institute®, San Antonio, Texas) 
 

 
 

Figure 4-15.  Staining Emanating From a Rock Bolt Placed in the Crown of the Heater Drift 
(Photographs Taken in 2006 and Printed Permission of K. Smart, Earth and Planetary 

Sciences Group, Department of Earth, Material and Planetary Sciences, Geosciences and 
Engineering Division, Southwest Research Institute, San Antonio, Texas) 
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Figure 4-16.  Corrosion of Borehole Equipment That Had Been Removed From 
the Boreholes at the Drift Scale Test and Were Placed in Connecting Drift of 

Alcove 5  (Photographs Taken in 2006 and Printed Permission of K. Smart, Earth 
and Planetary Sciences Group, Department of Earth, Material and Planetary 

Sciences, Geosciences and Engineering Division, Southwest Research Institute, 
San Antonio, Texas) 
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Figure 4-17.  Staining From Liquid That Dripped From the Crown of the Heater Drift 
Onto the Surface of a Canister Heater in the Drift Scale Test.  Note That These 
Photographs Were Taken Posttest; Timing of Dripping Cannot Be Established.  

(Photographs Taken in 2006 and Printed Permission of K. Smart, Earth and Planetary 
Sciences Group, Department of Earth, Material and Planetary Sciences, Geosciences 

and Engineering Division, Southwest Research Institute, San Antonio, Texas) 
 

 
Figure 4-18.  Sludgelike Material That Dripped From the Crown of the Heater Drift Onto the 
Surface of a Canister Heater in the Drift Scale Test.  Note That These Photographs Were 

Taken Posttest; Timing of Dripping and Formation of Sludgelike Material Cannot Be 
Established.  (Photographs Taken in 2006 and Printed Permission of K. Smart, Earth and 

Planetary Sciences Group, Department of Earth, Material and Planetary Sciences, 
Geosciences and Engineering Division, Southwest Research Institute, San Antonio, Texas) 
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5  THERMAL REFLUXING ANALYSIS 
 
Of the 19 identified DOE heater tests that met the criteria for relevancy of thermal refluxing in 
unsaturated fractured rock, 11 tests exhibited at least 1 criterion that could potentially indicate 
thermal refluxing (Table 4-2).  Five of the 11 tests provided observations of potential thermal 
refluxing that warranted further analysis:  2 Climax small borehole tests, the Climax Spent Fuel 
Test, the LBT, and the DST.  These observations included temperature excursions, corrosion of 
engineered materials, and enhanced chemical pore water concentrations.  The two Climax 
small borehole tests, the LBT, and the DST exhibited temperature excursions.  The DST also 
exhibited staining on the drift ceiling, staining on the floor canisters, and corrosion of engineered 
materials both within the heater drift and in the rock mass.  The Climax Spent Fuel Test 
exhibited elevated concentrations in rock water and corrosion of engineered materials placed in 
the rock mass.  Observations from these five heater tests are interpreted to indicate potential 
thermal refluxing.  It is not known whether the observed events, other than the temperature 
excursions, occurred during the heating or cooling phases of the DST.  Insight on the timing of 
the evidence is possible.  Temperature excursions in four of the tests and sampling of water 
with elevated solute concentrations in the fifth test occurred during the heating phase of the 
tests, suggesting that the staining and corrosion processes were also active during the heating 
phase.   
 
Observations that corrosive liquids formed as part of the thermal refluxing process are indicated 
by the corrosion of the extensometers and elevated water chemistry in the Climax Spent Fuel 
Test and corrosion of the cables in the heater drift and the pressure transducer instrumentation 
within the rock mass during the DST.  These observations may suggest refluxing fluid delivered 
highly concentrated liquids to the terminal point of evaporation.  This process could be important 
if the corrosive liquid directly contacts the engineered barriers.  As illustrated in Figure 4-14, 
corrosive liquids may have dripped into the heater drift during the DST and deposited on cables 
that were on the floor at the side of the floor heaters.  The dripped material was apparently 
sufficiently aggressive to have corroded through the cable insulation, which may be suggestive 
of the concentrating effect that thermal refluxing can have on refluxed liquids.  Observation of 
refluxing of concentrated liquids into the heater cavity is consistent with similar observations 
made during laboratory-scale heater tests (Green and Prikryl, 1999, 1998). 
 
Figure 4-15 shows staining from a rock bolt down the side of the drift ceiling and wall in the 
heater drift.  The staining suggests that sufficient liquid drained down the rock bolt within the 
rock mass such that the resulting solute had enough mass and enough mineralization to stain 
the pathway on the wall.  Figure 4-15 shows equipment that had been placed in instrumentation 
boreholes during the conduct of the DST.  The equipment is from one of the hydrology 
boreholes in which humicaps and pressure transducers were installed between packer 
assemblies.  Failure of the equipment by corrosion may be a sign of the aggressive effect of 
waters from the rock mass that encountered the borehole materials.  Relatively clean 
condensate would not have been aggressive; therefore, it could be interpreted that thermal 
refluxing elevated the concentration of water the equipment encountered.  There were two 
observed occurrences of staining on the floor heaters:  one appeared to be reddish and not 
viscous (Figure 4-17) and the other (Figure 4-18) appeared to be less fluid and, white in color 
and to have higher viscosity.  These stains may also be considered to indicate refluxing of 
liquids concentrated by thermal refluxing processes. 
 
Observations in four of the five tests examined here indicated that thermal refluxing may have 
occurred in vertical or near-vertical boreholes with a heat source at the base.  These four tests 
had temperatures that exceeded boiling in vertically oriented boreholes.  The fifth heater test 
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(i.e., Climax Spent Fuel Test) also indicated potential thermal refluxing, although the 
observations were related to corrosion of engineered materials and elevated water chemistry.  
Temperature excursions in the nine upward-oriented MPBX boreholes in the DST suggest that 
thermal refluxing occurred in the boreholes.  Associated with the temperature excursions 
observed at these boreholes, at least one rock bolt indicated that liquids exited the rock mass at 
the rock bolt (Figure 4-15), entered the drift, and eventually ran down the rock face.  It is not 
known whether any of the liquids from any of the MPBX boreholes or the rock bolt illustrated in 
Figure 4-15 subsequently dripped into the heater drift; however, liquid that dripped into the drift 
was apparently sufficiently corrosive to have corroded through the insulation on test cables 
(Figure 4-14). 
 
Thermal refluxing in boreholes may be important to repository performance if the repository 
design includes boreholes. Current design for the ground support for emplacement drifts at 
Yucca Mountain involves the use of stainless steel rock bolts and stainless steel liners.  The 
rock bolts and the steel liner are installed in a 240° arc around the drift periphery and above the 
invert structure (DOE, 2008, Section 1.3.4.4).  DOE states that only ungrouted boreholes will be 
used in emplacement drifts (Sandia National Laboratories, 2007c).  Nongrouted rock bolts 
installed in the drift ceiling would create a similar environment to open boreholes with regard to 
thermal refluxing.  A borehole could support thermal refluxing when the boiling isotherm extends 
into the bulk rock and the borehole extends upwards past the bulk rock boiling isotherm.  Under 
these conditions, the top of the borehole serves as a focal point for condensation for two 
reasons:  (i) the borehole acts as a chimney for upward movement of water vapor and (ii) the 
below-boiling borehole wall temperature allows for water vapor to condense on the borehole 
wall, thereby providing a continuous source of water for downward refluxing. 
 
The potential for thermal refluxing in boreholes may be greater when the borehole penetrates 
the boiling isotherm.  This condition could occur soon after waste disposal and last for several 
thousand years.  Specific times and durations would depend on the particular repository thermal 
loading scheme, engineering design options adopted, and location in the emplacement drift 
relative to the repository center and edge.  Generally, temperatures in emplacement drifts near 
the repository center would be greater than those near the repository edge.  Design features 
such as location of engineered barriers (e.g., ground support systems, drip shield) and duration 
of active ventilation may impact whether thermal refluxing could potentially contact the 
engineered barriers. 
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6  SUMMARY 
 
The U.S. Department of Energy (DOE) program in thermal testing was examined for indicators 
of thermal refluxing.  DOE contractors conducted 19 tests between 1977 and 2005 to evaluate 
certain aspects of the U.S. HLW repository program.  Of the 19 tests, 11 tests exhibited at least 
1 of 8 criteria that could potentially indicate thermal refluxing, 4 of the tests were conducted in a 
manner that would not have permitted at least one of the criteria to be observed, and 4 of the 
tests did not exhibit any of the criteria, even though conditions were potentially favorable for 
observing all 8 criteria.  A subset of 5 of the 11 tests with relevant indicators of thermal refluxing 
was selected for further analysis.  This subset includes two Climax small borehole tests, the 
Climax Spent Fuel Test, the LBT, and the DST.  Although it is difficult to extrapolate these 
observations to large spatial or temporal scales, it is interesting to note that the largest and 
longest duration heater test (i.e., the DST) exhibited six of the eight criteria identified as 
indicators of potential thermal refluxing.  
 
Indicators of thermal refluxing in the heater tests included temperature excursions, corrosion of 
engineered materials, and elevated concentrations in rock water.  The Climax Spent Fuel Test 
exhibited elevated concentrations in rock water and corrosion of engineered materials placed in 
the rock mass.  The two Climax small borehole tests, the LBT, and the DST exhibited 
temperature excursions.  The DST also exhibited staining on the drift ceiling, staining on the 
floor canisters, and corrosion of engineered materials both within the heater drift and in the rock 
mass.  Observations from these five heater tests were interpreted as indications that thermal 
refluxing may have occurred. 
 
Discontinuities in the low permeable rock mass are likely necessary for thermal refluxing to 
allow for the upward movement of water vapor and the downward flow of liquids.  These 
discontinuities can be in the form of preexisting fractures, fractures induced by drift construction, 
openings in the rock resulting from drift collapse, or boreholes associated with rock bolts.  For 
example, fracture spacing, connectivity, aperture, and orientation have the potential to affect 
whether thermal refluxing would occur; however, neither the spatial distribution of these 
properties nor the relationships between these properties and thermal refluxing are well known.  
Therefore, ascertaining the potential for fractures to cause thermal refluxing is problematic and 
highly uncertain. 
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