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Figure E-3   (a) Conceptual Model for Infiltration Model (b) Nodal Discretization in 
UNSAT-H 
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summarized in Table 6-1 in Peace and Goering (2005).  All parameters are site-specific and were 
carefully measured to obtain the most accurate  estimate of infiltration possible. 

Climatic data represent the site-specific conditions to the maximum extent possible.  The 
historical rainfall record from Albuquerque International Sunport, dating from 1919 to 1996, was 
used to input precipitation and simulate infiltration through the cover.  Two discrete sets of 
precipitation data were compiled from the historical record.  The first data set, the “historical 
precipitation data,” included 65 years of daily rainfall recorded from 1932 to 1996.  The second 
data set, the “maximum precipitation data,” included the 8 heaviest years' rainfall recorded 
between 1919 and 1996, repeated 8 times for a total of 64 years.  The heaviest rainfall years were 
1919, 1929, 1940, 1941, 1982, 1986, 1988, and 1992.  These maximum precipitation data 
represent a climate change of 50 percent more precipitation overall (1.5 times the current level).  
Precipitation during these years ranged from 12 inches (in.) to over 15 in.  The current average 
annual precipitation for the Albuquerque area is 8.65 in./yr. 

Literature evidence suggests that wetter conditions probably occurred during the last glacial 
episodes in the Southwest.  Studies of paleoclimate during the Last Glacial Maximum suggest 
that precipitation in the Estancia basin, located west of the Manzano Mountains, nearly doubled 
relative to modern levels during brief, decade- to century-long episodes of colder and wetter 
climate (Menking et al. 2004).  Farther west, studies of floral assemblages in late Pleistocene 
packrat middens near Yucca Mountain, Nevada, indicate that precipitation was an estimated 
2.4 times modern levels during the Last Glacial Maximum (Menking et al. 2004). 

Because precipitation in the southwest may have been significantly higher in the past, a 
precipitation multiplier of 2X was used to estimate maximum infiltration levels in the future 
through the MWL cover.  A polynomial extrapolation of infiltration was developed using the 
results from modeling the “historical precipitation data” and the “maximum precipitation data,” 
and assuming that hydrologic properties of the cover are at equilibrium with the natural system. 

Plant transpiration is the primary mechanism in removing water from a cover.  Without plants, 
covers would only depend on evaporation to remove water from the soil profile.  Vegetative 
input for the UNSAT-H code included root depth, root length density, leaf area index, growing 
season, and percent bare area.  Root depth, root length density, leaf area index, growing season, 
and percent bare area for a climax community were measured in the field (Peace and Goering 
2005). 

3.4.2 Model Results 

The UNSAT-H code simulated infiltration through a soil cover with a climax community of 
native vegetation.  The range of average infiltration rates for the MWL was predicted under 
current and future climate conditions.  For both the current and future scenarios, the estimated 
infiltration rates through a 2-ft cover rather than a 3-ft cover were used to be conservative, as the 
model predicted infiltration through a 3 ft cover to be slightly negative, i.e., a net upward flux 
(Peace and Goering 2005). 
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Under present climate conditions, the model predicted the average infiltration rate through the 
proposed MWL cover to be 1.18 x 10-9 cm/s for the historical precipitation  scenario and 
5.34 x 10-9 cm/s for the maximum precipitation scenario. 

Under future climate conditions, the properties of the MWL cover soils will gradually revert 
towards those of the natural soils around the landfill, as the bulk density and porosity of the soil 
equilibrate with natural conditions.  Under these conditions, the model predicted the average 
infiltration rates to be 2.44 x 10-10 cm/s for the historical precipitation scenario and 1.04 x 10-9 
cm/s for the maximum precipitation scenario. 

Since the maximum precipitation scenario represents a 50 percent increase in precipitation over 
the historical precipitation scenario, a polynomial regression for infiltration as a function of 
precipitation can be determined (assuming that zero infiltration occurs with zero precipitation).  
We assign a normalized precipitation value of one to the historical precipitation scenario and a 
value of 1.5 to the maximum precipitation scenario.  The quadratic regression then allows 
extrapolation to future climates where the precipitation is expected to be twice as high as present 
values.  If the future precipitation is twice as high as current precipitation, the precipitation 
multipliers will increase to 2X for the historical scenario and 3X for the maximum scenario.  
Applying these multipliers to the quadratic regression yields estimated future infiltration rates of 
2.29 x 10-9 cm/s for the historical precipitation scenario and 6.12 x 10-9 cm/s for the maximum 
precipitation scenario (Figure E-4).  We use 6.12 x 10-9 cm/s as an upper bound for the 
infiltration distribution to represent maximum precipitation conditions in the future, and we use 
1.18 x 10-9 cm/s as a lower bound for the infiltration distribution to represent current 
precipitation conditions with the engineered cover design. 
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Figure E-4   Polynomial Regression Used to Estimate Future Infiltration Values as a 

Function of Precipitation Multipliers.  Triangles Denote Simulated Values; Circles Denote 
Extrapolated Values 

 
In summary, the modeling results demonstrate that the proposed 3-ft soil cover will meet the 
EPA-prescribed technical equivalency criteria for both present and future climate conditions, 
even if precipitation is significantly higher.  The EPA performance-based, technical equivalency 
criteria are 31.5 mm/yr or less for net annual infiltration and 1 x 10-7 cm/s average infiltration 
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rate,  based on a hydraulic conductivity of 1 x 10-7 cm/s and the assumption of constant unit 
gradient conditions.  Predicted average infiltration rates through the MWL cover are expected to 
range from 1.18 x 10-9 cm/s for present conditions to 6.12 x 10-9 cm/s for future conditions, 
under the assumption of significantly higher precipitation.  These infiltration rates are 
considerably lower than the EPA performance-based, technical equivalency criterion of 
1 x 10-7 cm/s. 

3.4.3 Summary of Key Results and Assumptions 

• Simulations of infiltration through the engineered cover at the MWL show that the net annual 
infiltration will be less than the regulatory metric of 10-7 cm/s. 

 
• Predicted average infiltration rates through the MWL cover are expected to range from 

1.18 x 10-9 cm/s for present conditions to 6.12 x 10-9 cm/s for future conditions. 
 
Key Assumption: 
 
• Predicted range of infiltration rates was based on simulated infiltration averaged over 

64 years of data (as opposed to selected annual or daily averages). 

3.5 Fate and Transport of Tritium 

3.5.1 Model Description 

As described in Section 3.2.2, the fate and transport of tritium was simulated using a model that 
accounts for transient liquid advection, gas diffusion, and decay (Jury et al. 1983, Jury et al. 
1990).  The upper boundary condition at the surface allowed for gas-phase transport of tritium to 
the atmosphere across a prescribed (uncertain) boundary-layer thickness.  The concentration at 
the bottom of the model was specified as zero infinitely far away from the source. 

The initial inventory of tritium was estimated from past records (SNL/NM 1993), and the extent 
of the contaminated waste zone was allowed to vary from the size of an individual pit to the 
entire size of the MWL.  The inventory was allowed to vary between the estimated value (as a 
lower bound) and an upper bound equal to twice the estimated value.  The simulations were run 
until tritium concentrations decreased to negligible values in the system.  One hundred 
realizations were used in the simulations. 

3.5.2 Model Results 

3.5.2.1 Comparison to Field Data 

In 1990 and 1993, measurements of tritium at the surface and at locations in the subsurface were 
measured at the MWL (Johnson et al. 1995).  These measurements were used as a reference to 
check the simulated results of the model.  Figure E-5 shows the simulated tritium surface flux as 
a function of time for 100 realizations.  The minimum and maximum measured tritium surface  



 

AL/10-05/WP/SNL05:R5729-E.doc E-37 840857.04.24 10/31/05 5:21 PM 

  

Figure E-5   Comparison of Simulated Tritium Surface Flux as a Function of  
Time for 100 Realizations with Range of Measured Values in 1993 

 

flux values taken in 1993 are also shown in the figure.  The measured values are shown spanning 
5 to 33 years because the actual time elapsed since the tritium was emplaced is uncertain. 

Emplacement of waste at the MWL began in 1960 and ended in 1988; therefore, the measured 
values sampled in 1993 could have occurred between 5 and 33 years after emplacement.  Results 
show that the simulated results during this span of time are either within or above the measured 
bounding values.  Figure E-6, Figure E-7, and Figure E-8 show similar plots and results for 
different locations in the subsurface.  In most cases, the simulated fluxes and concentrations are 
higher than the measured values.  These results and comparisons provide evidence that the 
models can provide realistic values for the simulated outputs.  In addition, the comparisons 
confirm that the model is producing conservatively high results for surface fluxes and subsurface 
concentration because of the conservative values and distributions used for the model 
parameters. 

3.5.2.2 Comparison to Performance Objectives 

The simulated tritium concentrations reaching the groundwater are shown in Figure E-9 for all 
100 realizations as a function of time.  The peak tritium groundwater concentrations are all 
small, and Figure E-10 shows the cumulative probability of the peak concentrations for 
100 realizations and 200 realizations.  The results show that the simulated tritium groundwater 
concentrations are all well below 20,000 pCi/L.  In addition, the distribution resulting from 
100 realizations is nearly the same as the distribution resulting from 200 realizations (therefore, 
all subsequent analyses only use 100 realizations). 
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Figure E-6   Comparison of Simulated Tritium Surface Concentration as a Function of 

Time for 100 Realizations with Range of Measured Values in 1993 
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Figure E-7   Comparison of Simulated Tritium Concentration at a Depth of 15 ft as a 

Function of Time for 100 Realizations with Measured Maximum Values in 1990 
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Figure E-8   Comparison of Simulated Tritium Concentration at a Depth of 110 ft as a 

Function of Time for 100 Realizations with Measured Value in 1990 
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Figure E-9   Simulated Tritium Concentrations in the Aquifer as a Function of  

Time for 100 Realizations 
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Figure E-10   Cumulative Probability for Simulated Peak Tritium Groundwater 

Concentrations Using 100 and 200 Realizations  
 
Figure E-11 shows the cumulative probability for the simulated peak tritium dose via 
groundwater, which is calculated based on the simulated aquifer concentrations and a 
conservative water intake of 10 L/day (accounts for drinking water, indirect ingestion via plants 
and animals, absorption and inhalation via showering, etc.).  The results show that all realizations 
are well below the EPA metric of 4 mrem/yr. 

Figure E-12 shows the cumulative probability for the simulated peak tritium dose via the air 
pathway for 100 realizations.  The simulated dose due to inhalation (and skin absorption) is 
based on the concentration of gas-phase tritium immediately above the MWL.  The average wind 
velocity, vertical mixing length, and surface flux of tritium are used to calculate the air 
concentration above the MWL, and the inhalation rate is used to calculate the intake (Table E-5).  
The dose conversion factor (Table E-1) is then used to calculate the dose rate.  Because the 
simulated surface flux of tritium for several realizations was quite high (Figure E-5), a small 
percentage (approximately 2 percent) of the realizations yield a dose via the air pathway that 
exceeds the EPA metric of 10 mrem/yr. 

It should be noted, however, that Figure E-5 shows the peak tritium surface fluxes occurring 
before 50 years due to the natural decay of tritium.  The simulated maximum surface 
concentrations of tritium that yielded the peak fluxes are on the order of 1010 pCi/L.  If measured 
values of tritium vapor concentrations at the surface over the next few decades are not shown to 
increase from previously measured values, which are several orders of magnitude less than 
maximum simulated values, the dose due to tritium via the air pathway is not likely to be 
exceeded. 
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Figure E-11   Cumulative Probability for Simulated Peak Tritium Dose via the 

Groundwater Pathway Using 100 Realizations  
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Figure E-12   Cumulative Probability for Simulated Peak Tritium Dose via the Air Pathway 

for 100 Realizations 
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3.5.2.3 Sensitivity Analysis 

A sensitivity analysis (as described in Section 2.2.1) was performed to determine the parameters 
that were most important to the simulated performance metrics of aquifer concentration and 
inhalation dose.  Figure E-13 presents a chart that summarizes the results of the stepwise linear 
rank regression analysis. 

The sensitivity of the inhalation dose to liquid-phase tortuosity and moisture content indicates 
that the transport of tritium is dependent on upward diffusion through the liquid phase as well as 
the gas phase.  A conservative upper bound for the liquid- and gas-phase tortuosity coefficients 
was implemented in this study (Table E-4) to account for the possible effects of enhanced vapor 
diffusion (Ho and Webb 1998).  The dependence on cover thickness and atmospheric boundary-
layer thickness indicates that the inhalation dose is also dependent on the upper boundary 
conditions of the landfill.  Therefore, the thickness and integrity of the cover should be 
monitored and maintained to mitigate tritium migration to the surface.  Finally, although not 
included as an uncertain parameter, the location and disposition of the receptor played an 
important role in the simulated inhalation dose.  In this study, the receptor was assumed to be 
located adjacent to the MWL, continuously inhaling air directly above the MWL (24 hours a day, 
365 days a year).  If the receptor were located further away from the site, or if the exposure were 
not continuous, the simulated dose via the air pathway would be considerably less. 

The variability of the tritium aquifer concentration is shown to be dependent on the liquid-phase 
mobility parameters, indicating that diffusion of liquid-phase tritium is important.  A separate 
(“one-off”) sensitivity analysis of infiltration revealed that the infiltration would have to be 
increased by several orders of magnitude (close to the saturated hydraulic conductivity of the 
vadose zone) in order for the tritium to reach substantial concentrations in the groundwater. 

3.5.3 Summary of Key Results and Assumptions 

• All simulated realizations of tritium aquifer concentration and dose via the groundwater 
pathway were well below the regulatory metrics of 20,000 pCi/L and 4 mrem/yr, 
respectively. 

 
• A small percentage (2 percent) of the simulated dose due to tritium via the air pathway 

exceeded the regulatory metric of 10 mrem/yr. 
 
• Parameters impacting tritium diffusion through both the liquid and gas phases (e.g., 

tortuosity coefficient, moisture content, cover thickness, atmospheric boundary-layer 
thickness) were found to be important to the simulated inhalation dose. 
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Figure E-13   Analysis of Sensitivity of Simulated Tritium Inhalation Dose and Aquifer 
Concentration to Uncertain Input Parameters 

 
Key Assumptions: 
 
• Receptor located at MWL; continuous inhalation and exposure of tritium flux from 

subsurface 
 
• Cover allowed to erode completely 
 
• 1-D model:  maximum transport to surface 
 
• Bounding tortuosity coefficients: maximum diffusion rate 
 
• Maximum waste inventory set equal to twice estimated value of 2,400 Ci 

3.6 Fate and Transport of Radon 

3.6.1 Model Description 

Section 3.2.3 and Attachment E1 describe the steady-state radon transport model that was 
developed for this study.  Diffusion, advection, and decay of radon is included in the model.  A 
constant generation of radon is assumed to occur in the prescribed waste zone, which can vary in 
size.  A significant difference between the current model and previous models of radon transport 
in geological media (see, for example, Rogers et al. 1984) is the nature of the radium-226 source.  
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In previous studies, the radium-226 originated from ore deposits containing uranium.  At the 
MWL, pure radium-226 was disposed of in sealed containers.  Therefore, the overall 
concentration of radium-226 can be much higher in the current analysis, but the emanation 
factor, E, which governs how much radon-222 gas can be released from the radium-226, can be 
significantly lower because of the containment.  Generally speaking, the integrity of radioactive 
sealed sources is very robust.  The radium-226 sealed sources disposed of in the MWL were 
most likely fabricated according to design standards that required tests to evaluate the integrity of 
the sources subject to extreme temperature, impact, pressure, and vibration (see, for example, 
10 CFR 39.41). 

3.6.2 Model Results 

3.6.2.1 Comparison to Field Data 

Radon surface fluxes at the MWL were measured in 1997 (Haaker 1998).  A total of 89 four-in.-
diameter activated charcoal radon canisters were used to evaluate the radon surface fluxes in the 
vicinity of the MWL, as well as background values.  Results showed that the measured radon 
fluxes above the MWL were not significantly different than the background values.  The median 
flux in the vicinity of the MWL was 0.33 pCi/m2/s while the median background flux was 
0.35 pCi/m2/s.  The maximum measured fluxes for the MWL and background were 1.02  and 
0.664 pCi/m2/s, respectively.  This difference in maximum values was used to calibrate the 
emanation factor in the radon transport model.  The emanation factor governs how much radon is 
released to the immediate surroundings from the radium-226 source.  A factor of zero represents 
no emission (complete containment), and a factor of one represents total emission (no 
containment). 

The potential sources of radon-222 (radium-226) were sealed and contained, and the sealed 
sources were likely tested for integrity before disposal in the MWL.  Therefore, the containment 
is assumed to be generally intact at present, but defects or breaks may still be present.  The 
minimum emanation factor, which accounts for present-day emissions, was adjusted to yield a 
radon flux between 0.1 and 1 pCi/m2/s (equivalent to the difference in maximum measured and 
background fluxes).  The resulting minimum emanation factor used in the probabilistic 
simulations was 10-6.  The maximum emanation factor was estimated based on the possibility 
that the sealed containers may degrade in the future.  The integrity of the containers is expected 
to last well beyond 1,000 years, but an upper value of the emanation factor was set equal to 0.01 
to represent the possibility that 1 percent of the containers will completely degrade within 
1,000 years.  An evaluation was also performed assuming that the maximum emanation factor 
was equal to one, which is equivalent to complete degradation of the containment of all the radon 
sources within 1,000 years.  A log-uniform distribution between 10-6 and the maximum value 
was used for the emanation factor. 

3.6.2.2 Comparison to Performance Objectives 

Figure E-14 shows the cumulative probability for the simulated peak radon-222 surface flux for 
100 realizations.  For the scenario with a maximum emanation factor of 0.01 (1 percent of the 
radon-source containers degrades completely), the results show that 97 percent of the simulated 
radon surface fluxes are below the design standard of 20 pCi/m2/s (3 percent of the realizations  
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Figure E-14   Cumulative Probability for Simulated Peak Radon-222 Surface Flux for 
100 Realizations Using Two Different Maximum Values for the Emanation Factor, E 

 
yield radon surface fluxes that exceed the design standard).  In the bounding scenario, where we 
allow all of the containment of the sealed sources to completely degrade, nearly 30 percent of the 
realizations exceed the design standard of 20 pCi/m2/s.  As shown in the sensitivity analysis in 
the next section, the large uncertainty in the emanation factor allowed significant variations in 
the simulated radon surface flux.  It is unlikely that the sealed sources and containers for radium-
226 will degrade significantly over the next few hundred years, but because the half-life of 
radium-226 and uranium-238 is extremely long, radon-222 will continue to be generated from 
these parent products indefinitely.  Therefore, degradation of the containers may eventually 
cause the emanation factor for radon-222 to increase at some point in the future.  For a 
1,000-year evaluation period, however, the probability of exceeding the radon surface-flux 
design standard is very small if the sealed sources and containers do not degrade significantly 
and the emanation factor remains below 0.01. 

Simulated radon concentrations in groundwater were negligible (less than 10 to 20 pCi/L).  The 
short half-life of radon (3.8 days) and the large thickness of the vadose zone prohibit radon from 
migrating significant distances to the water table when the source originates from the landfill.  
However, in Section 3.7, small amounts of radon are shown to reach the groundwater after 
10,000 years when radon is included as progeny of uranium-238, which is fairly mobile (relative 
to the other nonvolatile radionuclides).  This effectively mobilizes the source of radon toward the 
groundwater.  However, the decay chain for uranium-238 to radium-226 to radon-222 is an 
extremely long process (billions of years).  Therefore, the amount of radon-222 produced from 
uranium-238 in 1,000 years is extremely small; no radon-222 is simulated to reach the 
groundwater in 1,000 years, even when it is included as progeny of uranium-238. 
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3.6.2.3 Sensitivity Analysis 

A sensitivity analysis (as described in Section 2.2.1) was performed to determine the stochastic 
input parameters that were most important to the simulated radon surface flux.  Figure E-15 
presents a chart that summarizes the results of the stepwise linear rank regression analysis.  The 
emanation factor was by far the most significant variable that influenced the variability in the 
simulated radon surface flux.  The waste volume, cover thickness, and effective diffusion 
coefficient were also shown to be statistically correlated to the simulated radon surface flux, but 
to a much lower degree. 

3.6.3 Summary of Key Results and Assumptions 

• Sensitivity studies show that the emanation factor, which depends on the integrity of the 
radium-226 containment, is important to the performance of the landfill with regard to 
surface radon fluxes. 

 
• For a maximum radon emanation factor of 0.01 (1 percent of the radium-226 containers fail), 

the simulated radon surface fluxes exceed the design standard of 20 pCi/m2/s in about 
3 percent of the realizations.  For a maximum radon emanation factor of 1 (100 percent of the 
radium-226 containers fail), the simulated radon surface fluxes exceed the design standard in 
about 30 percent of the realizations. 

 
• Simulated radon concentrations in the groundwater were negligible. 
 
Key Assumptions: 
 
• Sealed sources of radium-226 allowed to degrade in 1,000 years (emanation factor allowed to 

increase) 
 
• Cover allowed to erode completely 
 
• 1-D model:  maximum transport to surface 

3.7 Fate and Transport of Other Radionuclides 

3.7.1 Model Description 

The FRAMES/MEPAS source-term and vadose-zone models (Section 3.2.1) were used to 
evaluate the aqueous-phase transport of the following radionuclides to the groundwater:  
amercium-241, cesium-137, cobalt-60, plutonium-238, plutonium-239, radium-226, strontium-
90, thorium-232, tritium, and uranium-238.  Although tritium was simulated separately using the 
model of Jury et al. (1983, 1990), it was also included in the FRAMES/MEPAS model.  Decay 
products of plutonium-238 (e.g., uranium-234), radium-226 (e.g., radon-222), and uranium-238 
(e.g., uranium-234, radium-226) are also simulated in the FRAMES/MEPAS model 
(Whelan et al. 1996). 
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Figure E-15   Analysis of Sensitivity of Simulated Radon Surface Flux to Uncertain Input 
Parameters 

3.7.2 Model Results 

3.7.2.1 Comparison to Field Data 

Other than the detection of tritium and radon in the atmosphere and subsurface as discussed in 
previous sections, no other radionuclides have been detected at the surface or in the subsurface 
beyond the extent of the landfill.  The inventory for each of the radionuclides shown in Table E-2 
was estimated based on past records regarding the content of the MWL (SNL/NM 1993).  The 
upper value for the inventory distribution of each radionuclide was conservatively assumed to be 
equal to twice the estimated value from past records. 

3.7.2.2 Comparison to Performance Objectives 

In all realizations, none of the radionuclides were simulated to reach the groundwater in 
1,000 years.3   All of the radionuclides were retarded sufficiently by adsorption to prevent 
significant migration in 1,000 years, even with the realistically conservative distributions used 
for model inputs (Table E-2).  In order to assess potential failure mechanisms, additional 
scenarios were performed. 
                                                 
3 Tritium was simulated to reach the groundwater when vapor-phase transport was included in Section 3.5, but 
simulated tritium groundwater concentrations and dose were well below the regulatory metrics. 
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Alternative Scenario: Increased Infiltration 

First, the infiltration was increased while holding all other input parameters at fixed, 
conservative values.  After 1,000 years, uranium (uranium-238, uranium-234) reached the 
groundwater when the Darcy infiltration through the vadose-zone was increased by an order of 
magnitude over its maximum stochastic value (6.12 x 10-11 m/s) to 6.12 x 10-10 m/s, but the 
groundwater concentrations were still less than the regulatory metric of 30 μg/L.  Groundwater 
concentrations of uranium exceeded the regulatory metric when the simulated Darcy infiltration 
increased by two orders of magnitude over the maximum stochastic value to 6.12 x 10-9 m/s. 

Alternative Scenario:  Increased Simulation Period 

FRAMES/MEPAS was allowed to run past 1,000 years to assess the potential travel times of the 
different radionuclides to the groundwater using the original distributions and parameter values 
(Table E-2).  Only uranium-238 and its decay products (uranium-234, radon-222) were simulated 
to reach the groundwater after approximately 10,000 years.  The other radionuclides were 
retarded by their relatively large adsorption coefficients.  The radon-222 that reached the 
groundwater was a decay product of uranium-238.  As shown in previous simulations of radon 
originating from the waste zone (Section 3.6), radon originating from the MWL was not 
simulated to reach the water table because of its short half-life (3.8 days).  However, since 
uranium-238 has a small distribution coefficient (Kd) and long half-life, a number of realizations 
showed that uranium-238 and some of its daughter products (uranium-234 and radon-222) could 
reach the water table after approximately 10,000 years.  Although the decay of uranium-238 to 
radon-222 is extremely slow, some small but finite amount of radon-222 is generated from 
uranium-238 as it moves toward the water table.  In MEPAS, the Bateman equation (Bateman 
1910) is used to estimate the relative concentrations of the daughter products as a function of the 
concentration of the parent, the half lives of the parent and daughter products, and the time 
elapsed. 

Figure E-16 shows the cumulative probability for simulated peak radon-222 (progeny from 
uranium-238) aquifer concentrations for 100 realizations after a simulated period greater than 
10,000 years.  Although the radon-222 reached the water table as a result of the transport of its 
parent product, uranium-238, the concentration of radon-222 in the groundwater is still well 
below the proposed limit of 300 pCi/L. 

Figure E-17 shows the cumulative probability for the simulated peak uranium concentration in 
the groundwater for 100 realizations after a simulated time period greater than 10,000 years.  The 
total uranium concentration is comprised of both uranium-234 (decay product of plutonium-238 
and uranium-238) and uranium-238.  All realizations yielded peak uranium aquifer 
concentrations that were less than the EPA regulatory metric of 30 μg/L. 

The total groundwater dose for extended periods of time (past 10,000 years) is calculated from 
the peak aquifer concentrations of uranium (uranium-234 and uranium-238) and radon.  The 
groundwater consumption is assumed to be a conservative 10 L/day to account for drinking 
water, indirect ingestion through irrigation of vegetables and intake by food-producing animals, 
and absorption via showering.  Figure E-18 shows the cumulative probability for the simulated  
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Figure E-16   Cumulative Probability for Simulated Peak Radon-222 (Progeny from U-238) 

Aquifer Concentrations for 100 Realizations for a time Period Extending Beyond 
10,000 years 
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Figure E-17   Cumulative Probability for Simulated Peak Uranium Aquifer Concentrations 

for 100 Realizations for a Time Period Extending Beyond 10,000 Years 
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Figure E-18   Cumulative Probability for Simulated Peak Groundwater Dose for all 

Radionuclides for 100 Realizations for Time Periods Extending Beyond 10,000 Years 
 

total peak groundwater dose for 100 realizations after a simulated period greater than 
10,000 years.  The EPA regulatory metric of 4 mrem/yr (for beta particles) is shown for 
reference, but it does not actually apply to the primary constituents contributing to the dose, 
uranium-234 and uranium-238, which are alpha particles. 

3.7.2.3 Sensitivity Analysis 

Although no radionuclides were simulated to reach the groundwater within 1,000 years, 
sensitivity analyses were performed on the extended simulations (greater than 10,000 years) to 
identify important parameters and processes (Figure E-19).  Sensitivity analyses show that the 
infiltration is the primary parameter impacting the variability in the simulated aquifer 
concentrations for uranium-238, its decay products (uranium-234, radon-222), and the simulated 
dose via groundwater.  A “one-off” sensitivity analysis showed that the infiltration would have to 
be increased by two orders of magnitude to increase the uranium concentrations above the 
regulatory metric of 30 μg/L within 1,000 years.  Other parameters that were found to be 
statistically correlated to the variability in the simulated performance metrics were waste length 
and width, uranium-238 Kd, and the bulk density (which, together with the Kd value, impacts the 
retardation). 
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Figure E-19   Analysis of Sensitivity of Simulated Peak Radon Aquifer Concentrations, 
Peak Uranium Aquifer Concentrations, and Total Dose via Groundwater to Uncertain 

Input Parameters for a Time Period Extending Beyond 10,000 Years 
 

3.7.3 Summary of Key Results and Assumptions 

• None of the radionuclides were simulated to reach the groundwater within 1,000 years for all 
realizations. 

 
• Only uranium-238 (and some of its decay products) were simulated to reach the water table 

for extended periods (greater than 10,000 years).  All peak aquifer concentrations were still 
less than the EPA regulatory metric of 30 μg/L. 

 
• Infiltration rate was found to be the most significant parameter impacting the variability in 

the simulated groundwater concentrations and dose via groundwater.  Uranium groundwater 
concentrations were simulated to exceed the regulatory metric of 30 μg/L if the infiltration 
increased two orders of magnitude above the maximum stochastic value to 6.12 x 10-9 m/s. 

 
Key Assumptions: 
 
• 1-D model:  maximum transport to groundwater 
 
• Receptor assumed to be located at MWL.  Water intake assumed to be 10 L/day (5 times 

greater than EPA standards) 
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3.8 Fate and Transport of Heavy Metals 

3.8.1 Model Description 

The fate and transport of two heavy metals, lead and cadmium, were simulated using 
FRAMES/MEPAS (Section 3.2.1).  The inventory of lead was estimated from previous records 
(SNL/NM 1993), and uncertainty in the inventory was captured by using a uniform distribution 
with the estimated value as a lower bound (Table E-2).  There were no records of cadmium being 
disposed of at the MWL, but soil samples revealed concentrations of cadmium in the subsurface 
(Peace et al. 2002).  The maximum soil concentrations of cadmium were used with the bulk 
density of the soil and maximum simulated penetration of coolant water (Wolford 1997) to 
estimate the mass of cadmium in the MWL.  This value was then used as a lower bound in a 
uniform distribution (Table E-3). 

3.8.2 Model Results 

Neither lead nor cadmium were simulated to reach the groundwater in any of 100 realizations for 
1,000 years.  Extended simulation periods (greater than 10,000 years) also did not yield any 
breakthrough of lead or cadmium to the water table.  Therefore, comparisons to the regulatory 
metrics of 15 μg/L and 5 μg/L for lead and cadmium, respectively, are not plotted.  Both lead 
and cadmium have relatively large adsorption coefficients (Table E-2), which retard their 
transport through the thick vadose zone. 

3.8.2.1 Sensitivity Analysis 

A “one-off” sensitivity analysis was performed to determine the impact of infiltration on the 
transport of lead and cadmium while holding all other parameters at constant conservative 
values.  Results showed that cadmium could reach the groundwater in 1,000 years and exceed its 
regulatory metric if the Darcy infiltration were increased by three orders of magnitude over the 
maximum expected infiltration, which is based on future climate scenarios (i.e., from 6 x 10-11 
m/s to 6 x 10-8 m/s).  Lead was simulated to reach the water table in 1,000 years if the infiltration 
were increased by four orders of magnitude over the maximum expected infiltration.  Although 
this additional increase in infiltration is not expected to occur based on detailed infiltration 
simulations (Section 3.4), the infiltration at the MWL should be monitored in the future.  
Significant increases (by several orders of magnitude or more) may lead to increased potential 
for migration of heavy metals and other contaminants to the groundwater. 

3.8.3 Summary of Key Results and Assumptions 

• Neither lead nor cadmium were simulated to reach the groundwater in 1,000 years (or 
extended periods past 10,000 years) 

 
• Additional increases in infiltration would (3 to 4 orders of magnitude over expected 

maximum infiltration rates) allow cadmium and lead to reach the groundwater in 1,000 years. 
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Key Assumptions: 
 
• 1-D model:  maximum transport to groundwater 

3.9 Fate and Transport of Volatile Organic Compounds 

3.9.1 Model Description 

VOCs were used as cleaners and solvents for machining and other industrial processes at Sandia 
National Laboratories.  Rags, residual containers, and other wastes contaminated with these 
contaminants were disposed of at the MWL.  Although no quantitative  estimates of the volumes  
of these contaminants disposed of in the MWL exists, soil samples provide an estimate of the 
extent and concentration of the region contaminated with VOCs at the MWL.  Previous studies 
have shown that VOCs such as TCE and PCE can migrate long distances in the vapor phase.  
Klavetter (1995a) showed that among the VOCs of concern at the MWL, PCE was the only VOC 
that posed a threat to exceeding regulatory metrics in the groundwater (PCE has a greater 
Henry’s constant and, hence, greater gas-phase transport rate than TCE for the same aqueous 
source concentration).  However, because there is still a potential for other VOCs from the MWL 
to migrate to groundwater due to their mobility, PCE was modeled in this study as a proxy for 
other VOCs detected in soil gas and in soils beneath the MWL. 

In this study, PCE is simulated using the transient model of Jury et al. (1983, 1990), which 
accounts for aqueous-phase advection, gas-phase diffusion, adsorption, and decay 
(Section 3.2.2).  Table E-2 summarizes the uncertainty distributions that were used in the model.  
The inventory was calculated based on the maximum measured soil gas concentration 
(5,900 ppb) at 30 ft (Peace et al. 2002).  We assumed that the PCE vapor was in equilibrium with 
its aqueous phase (using Henry’s constant).  The maximum measured gas concentration 
(5,900 ppb) was used as a minimum value in a uniform distribution increasing to ten times this 
value to develop a range of equilibrium aqueous concentrations.  The maximum value was based 
on calibrations with measured data (see next section).  The total mass of PCE was then 
calculated using the moisture content, maximum areal extent of the MWL (430 x 300 ft), and an 
uncertain thickness ranging from 10 to 27 ft.  Other values in Table E-2 were taken from 
conservative values and ranges found in the literature for PCE. 

3.9.2 Model Results 

3.9.2.1 Comparison to Field Data 

Samples of PCE soil-gas concentrations were taken at the MWL in 1993 (Johnson et al. 1995).  
The ranges of measured values at two different depths (10 and 30 ft) were compared to simulated 
soil-gas concentrations using the transient PCE transport model described in the previous 
section.  Figure E-20 and Figure E-21 show the comparisons for all 100 simulated realizations.  
As discussed in previous sections, the measured values in 1993 are shown spanning a time period 
between 5 and 33 years, which accounts for the uncertainty in the time of emplacement.  Results 
show the majority of simulated soil-gas concentrations during this time period at the two depths 
are between the maximum and minimum values measured in 1993. 
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Figure E-20   Simulated PCE Gas Concentration at a Depth of 10 ft as a Function of Time 

for 100 Realizations with a Range of Measured Values in 1993 
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Figure E-21   Simulated PCE Gas Concentration at a Depth of 30 ft as a Function of Time 

for 100 Realizations with a Range of Measured Values in 1993 
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3.9.2.2 Comparison to Performance Objectives 

Figure E-22 shows the simulated PCE concentrations in the groundwater as a function of time 
for all 100 realizations.  The majority of the realizations show the aquifer concentrations peaking 
before 50 years.  Depending on the time of disposal, this corresponds to peak concentrations 
occurring by 2010 to 2040.  So far, no detectable amounts of PCE have been found in the 
groundwater at the MWL.  This is still consistent with the simulations, which show a large 
amount of variability in the simulated concentrations resulting from uncertainty included in the 
input parameters (see next section). 

The cumulative probability of the peak PCE groundwater concentration for all 100 realizations is 
shown in Figure E-23.  The results show that approximately 99 percent of the realizations yield 
groundwater concentrations less than the regulatory metric of 5 μg/L.  Only 1 percent of the 
realizations yielded groundwater concentrations that exceeded the regulatory metric. 

3.9.2.3 Sensitivity Analysis 

The uncertainty in the PCE Kd, half-life (degradation), inventory concentration, source thickness, 
and cover thickness values were found to be the most statistically significant parameters that 
impacted the variability in the simulated PCE aquifer concentrations (Figure E-24).  As stated in 
previous sections, the adsorption coefficient, Kd, plays an important role in the retardation and 
mobility of the constituent.  The half-life and inventory both govern the persistence and 
availability of the PCE during migration to the groundwater.  The source thickness also 
contributes to the overall inventory of PCE since the inventory concentration is applied to the 
entire source volume. 

3.9.3 Summary of Key Results and Assumptions 

• 99 percent of the realizations yielded peak PCE concentrations in the groundwater that were 
less than the regulatory metric of 5 μg/L.  The majority of the realizations showed that the 
peak PCE groundwater concentration occurred within 100 years. 

 
• Uncertainty in the PCE adsorption coefficient, half-life, inventory concentration, source 

thickness, and cover thickness were found to be significantly correlated to the simulated 
groundwater concentrations. 

 
Key Assumptions: 
 
• 1-D model:  maximum transport to groundwater 
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Figure E-22   Simulated PCE Groundwater Concentrations for 100 Realizations 
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Figure E-23   Cumulative Probability for Simulated PCE Peak Groundwater 

Concentrations for 100 Realizations 
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Figure E-24   Analysis of Sensitivity of simulated PCE Peak Aquifer Concentrations to 

Uncertain Input Parameters 
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4.  Recommended Triggers for Long-Term Monitoring 
The NMED’s Class 3 permit modification (NMED, May 2005) requires that the MWL CMI Plan 
include triggers for future action that identify and detail specific monitoring results that will 
require additional testing or the implementation of an additional or different remedy.  Based on 
the results of the probabilistic performance-assessment modeling for the MWL, the following 
parameters were identified as important for meeting the performance metrics: 

• Surface emissions of tritium and radon 
• Infiltration through the MWL cover 
• Concentrations of uranium in groundwater 
• Concentrations of VOCs in groundwater 
 
Monitoring triggers are proposed for these parameters to ensure that the MWL performance 
metrics and corrective action objectives are met.  The proposed triggers are based on EPA and 
DOE regulatory standards, and are discussed in Section 4.2.  A trigger evaluation process is 
proposed in Section 4.1.  This process will be initiated if a trigger is exceeded during long-term 
monitoring at the MWL.  The logic and rationale behind specific triggers are presented in 
Section 4.2. 

Additional details regarding long-term monitoring at the MWL will be presented in the MWL 
Long Term Monitoring and Maintenance Plan.  This  plan will be submitted within 180 days 
after the NMED’s approval of the MWL CMI Report.  The plan will include all necessary 
physical and institutional controls to be implemented in the future, and will also include 
contingency procedures to be implemented if the MWL remedy fails to be protective of human 
health and the environment. 

4.1 Trigger Evaluation Process 

A trigger evaluation process is recommended for the MWL during long-term monitoring 
activities at the site.  The process will be a phased approach designed to ensure the protection of 
human health and the environment, while allowing adequate data collection to evaluate whether 
corrective action is warranted.  This process is based upon the “Conceptual Corrective Measure 
Evaluation Process” proposed in the Post-Closure Care Plan for the CWL (SNL/NM September 
2005). 

In the event that a trigger level is exceeded, the process shown in Figure E-25 will be used to 
ensure that adequate data are collected to determine whether additional corrective action is 
warranted.  The increased frequency of data collection proposed in the trigger evaluation process 
(see Step 3 in Figure E-25 and the corresponding explanation on the reverse side of the figure) 
will ensure that adequate data are collected to eliminate field sampling error, laboratory error, or 
short-term exceedances that do not reflect long-term trends.  Thus, any recommendations for 
corrective action because of trigger exceedances will be based upon data trends rather than upon 
single detection values above the trigger level.  If data trends in the monitored parameters 
indicate an established trend above the proposed trigger value, the process requires that a 
technical letter report be submitted to the NMED recommending whether or not corrective action 
should be implemented. 
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Figure E-25   Trigger Evaluation Process for the Mixed Waste Landfill 
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The steps outlined in Figure E-25 are explained below: 
 
1. Long-term monitoring of the air, surface soil, vadose zone, and groundwater at 

the MWL. 
 

2. Exceedance of one or more  trigger levels initiates the specific actions 
described below. 

 
3. Step A of the evaluation process initiates resampling to verify the result(s) that 

exceeded the trigger level.  Step B is based upon the conceptual model for the 
MWL.  If the trigger exceedance is verified, the NMED will be notified and the 
frequency of subsequent sampling will be negotiated with the NMED.  Because 
infiltration through the MWL cover is expected to be very low, and contaminant 
transport times in the vadose zone and groundwater are anticipated to be 
relatively slow, a longer  period for data collection at an increased sampling 
frequency is recommended to determine trends.  The length of this period and 
the increased sampling frequency will be negotiated with the NMED.  Once the 
increased sampling data have been collected, the data and any resulting 
trends will be evaluated to determine the significance of the exceedance 
(Step C). 

 
4. After the  resulting trends have been evaluated, a brief technical letter report 

will be prepared and submitted to the NMED within three months of receiving 
the final data set that summarizes the trigger exceedance(s), presents the 
results of the increased monitoring, and provides recommendations regarding 
corrective action. 

 
5. NMED Decision Point:  after the technical letter report is submitted to the 

NMED, a meeting will be held to discuss the data evaluation and the 
recommendations regarding corrective action. 

 
6. If the data trend is increasing and higher than the proposed trigger value, 

corrective action may be necessary.  The technical letter report will address 
appropriate options and form the basis for further discussion with NMED to 
determine the final corrective action. 

 
7. If the data trend is not clear or is decreasing, corrective action may not be 

necessary, but other actions may be required as proposed in the technical 
letter report or requested by the NMED. 

 



 

AL/10-05/WP/SNL05:R5729-E.doc E-60 840857.04.24 10/31/05 5:21 PM 

4.2 Proposed Triggers 

Based on the results of the probabilistic performance-assessment modeling conducted for the 
MWL, monitoring triggers are proposed for the air, surface soil, vadose zone, and groundwater at 
the MWL.  These triggers are presented in Table E-6, and are discussed below. 

4.2.1 Surface Soil and Air Monitoring Triggers 

Proposed surface soil and air monitoring triggers include a trigger for tritium concentrations in 
soil collected at select locations along the MWL perimeter, and a trigger for radon emissions 
from the MWL. 

4.2.1.1 Tritium 

Tritium is the most mobile radionuclide disposed of at the MWL, and the performance-
assessment modeling indicates that there is a possibility that tritium emitted from the MWL may 
exceed the performance objective of 10 mrem/yr dose to the public via the air pathway.  For this 
reason, a trigger is proposed for tritium emitted from the MWL.  Figure E-12 shows that the 
simulated peak tritium dose via air exceeded the performance objective in only 2 percent of the 
realizations.  Figure E-6 reveals that the maximum simulated surface concentration of tritium for 
the realizations that yielded the peak doses via air are on the order of 109 to 1010 pCi/L.  
Therefore, we propose a conservative trigger value of 20,000 pCi/L in surface soils at the MWL 
perimeter. 

The proposed tritium trigger would apply to surface soil samples currently collected annually at  
select locations along the MWL perimeter  by Sandia’s Environmental Monitoring group.  Soil 
samples have been collected from these locations and analyzed for tritium on an annual basis 
since 1985.  Soil moisture is extracted from these samples, and tritium concentrations in the soil 
moisture are determined using liquid scintillation.  Any increase in tritium emissions from the 
MWL would be indicated by elevated tritium concentrations in these soil samples. 

Figure E-26 shows a comparison between historical tritium concentrations measured in samples 
from the four perimeter locations, and the proposed trigger value of 20,000 pCi/L.  All 
exceedances of the trigger value occurred prior to 1998, and exceedances are not anticipated in 
the future due to radioactive decay and the relatively short (12.3-year) half-life of tritium.  If 
measured concentrations of tritium at the surface exceed 20,000 pCi/L, this would indicate a 
significant increase relative to present-day values, and the trigger evaluation process 
(Figure E-25) would be followed.  Because the proposed trigger value is 4 to 5 orders of 
magnitude less than simulated concentrations that yielded exceedances in the dose via air, the 
proposed trigger value serves as a conservative early-warning indicator for potential exceedances 
of tritium dose via air. 
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Table E-6 
Proposed Monitoring Triggers for the MWL 

Trigger Parameter Medium Proposed 
Trigger Value 

Point of 
Compliance 

Performance 
Objective 

Applicable 
Regulation 

Tritium Soil 20,000 pCi/L 
tritium in soil 
moisture at  
Environmental 
Monitoring 
locations along 
MWL perimeter 

MWL Perimeter Dose to the public 
via the air pathway 
shall be less than 
10 mrem/yr 

DOE Order 
5400.5, 
10 CFR 61 
Subpart H, 
40 CFR 141.66 

Radon Air 4 pCi/L 
(measured by 
Track-Etch radon 
detectors) 

MWL Perimeter Average flux of 
radon-222 gas shall 
be less than 
20 pCi/m2/s at the 
landfill surface 
(design standard) 

EPA Action 
Threshold for 
radon in air 
(EPA 2005) 

Infiltration Vadose 
Zone 

25 percent 
volumetric 
moisture content 
in vadose zone 
beneath the 
MWL 
(measured by 
neutron probe) 

Linear depths of 
10 ft to 100 ft 
along neutron 
probe access 
holes beneath 
the MWL 

Infiltration through 
the cover shall be 
less than the EPA-
prescribed technical 
equivalence criterion 
of 31.5 mm/yr 
[10E-7 cm/s] 

RCRA 40 CFR 
Part 264.301 

Uranium Ground
water 

15 μg/L Downgradient 
monitoring well 
locations 

Uranium 
concentrations in 
groundwater shall 
not exceed the EPA 
MCL of 30 μg/L 

EPA Primary 
Drinking Water 
Standard 

1,1,1-Trichloroethane 
(1,1,1-TCA) 

Ground
water 

100 μg/L Downgradient 
monitoring well 
locations 

VOC concentrations 
in groundwater shall 
not exceed EPA 
MCLs 

EPA Primary 
Drinking Water 
Standard 

1,1-Dichloroethene Ground
water 

3.5 μg/L Downgradient 
monitoring well 
locations 

VOC concentrations 
in groundwater shall 
not exceed EPA 
MCLs 

EPA Primary 
Drinking Water 
Standard 

Benzene Ground
water 

2.5 μg/L Downgradient 
monitoring well 
locations 

VOC concentrations 
in groundwater shall 
not exceed EPA 
MCLs 

EPA Primary 
Drinking Water 
Standard 

Ethyl benzene Ground
water 

350 μg/L Downgradient 
monitoring well 
locations 

VOC concentrations 
in groundwater shall 
not exceed EPA 
MCLs 

EPA Primary 
Drinking Water 
Standard 

Methylene chloride Ground
water 

2.5 μg/L Downgradient 
monitoring well 
locations 

VOC concentrations 
in groundwater shall 
not exceed EPA 
MCLs 

EPA Primary 
Drinking Water 
Standard 

Refer to footnotes at end of table. 
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Table E-6 (Continued) 
Proposed Monitoring Triggers for the MWL 

Trigger Parameter Medium Proposed 
Trigger Value 

Point of 
Compliance 

Performance 
Objective 

Applicable 
Regulation 

Styrene Ground
water 

50 μg/L Downgradient 
monitoring well 
locations 

VOC concentrations 
in groundwater shall 
not exceed EPA 
MCLs 

EPA Primary 
Drinking Water 
Standard 

Tetrachloroethene 
(PCE)  

Ground
water 

2.5 μg/L Downgradient 
monitoring well 
locations 

VOC concentrations 
in groundwater shall 
not exceed EPA 
MCLs 

EPA Primary 
Drinking Water 
Standard 

Toluene Ground
water 

500 μg/L Downgradient 
monitoring well 
locations 

VOC concentrations 
in groundwater shall 
not exceed EPA 
MCLs 

EPA Primary 
Drinking Water 
Standard 

Trichloroethene 
(TCE)  

Ground
water 

2.5 μg/L Downgradient 
monitoring well 
locations 

VOC concentrations 
in groundwater shall 
not exceed EPA 
MCLs 

EPA Primary 
Drinking Water 
Standard 

Xylenes (Total) Ground
water 

5,000 μg/L Downgradient 
monitoring well 
locations 

VOC concentrations 
in groundwater shall 
not exceed EPA 
MCLs 

EPA Primary 
Drinking Water 
Standard 

CFR = Code of Federal Regulations. 
cm = Centimeter(s). 
DOE = U.S. Department of Energy. 
EPA = U.S. Environmental Protection Agency. 
ft = Foot (feet). 
L = Liter(s). 
m = Meter(s). 
m2 = Square meter(s). 
μg = Microgram(s). 
MCL = Maximum contaminant level. 
mm = Millimeter(s). 
mrem  = Millirem. 
MWL = Mixed Waste Landfill. 
pCi = Picocurie(s). 
RCRA  = Resource Conservation and Recovery Act. 
s = Second(s). 
TCA = Trichloroethane. 
VOC = Volatile organic compound. 
yr = Year(s). 
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Figure E-26   Comparison Between Historical Tritium Concentrations Measured in 
Samples from the Four Perimeter Locations, and the Proposed Trigger Value of 

20,000 pCi/L 
 

4.2.1.2 Radon 

A trigger for radon is also recommended based on the results of the probabilistic performance-
assessment modeling.  The modeling indicates that there is a possibility that the radon-222 flux 
from the MWL to the atmosphere will exceed the design standard of  20 pCi/m2/s at the landfill 
surface.  Commercially-available Track-Etch radon detectors are recommended to measure the 
radon concentration in air along the MWL perimeter.  These detectors provide an integrated 
average concentration of radon in air over long exposure periods, on the order of 3 to 6 months.  
The alternative monitoring detectors, charcoal canisters, are useful only for short exposure 
periods, on the order of a few days. 

The proposed trigger for radon in air is 4 pCi/L, and the proposed point of compliance is the 
MWL perimeter.  The 4 pCi/L value is the EPA “action threshold” for radon in household air 
(EPA 2005).  This proposed value is much lower than the simulated radon-gas concentrations 
(greater than 10,000 pCi/L) at the surface of the MWL that yielded fluxes that exceeded the 
design standard of 20 pCi/m2/s.  Should the radon trigger of 4 pCi/L be exceeded in air at the 
MWL point of compliance, then the trigger evaluation process shown in Figure E-25 will be 
implemented.  Additional details regarding long-term monitoring of radon at the MWL will be 
presented in the MWL Long Term Monitoring and Maintenance Plan. 

4.2.2 Vadose Zone Monitoring Triggers 

Vadose zone monitoring is planned for the MWL to provide early evidence of potential threats to 
groundwater, and to allow corrective action to be initiated before groundwater contamination 
occurs.  The vadose zone beneath the MWL extends nearly 500 ft from ground surface to 
groundwater, and long-term vadose zone monitoring should ensure that the MWL remedy 
remains protective of human health and the environment. 
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