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Abstract 

This paper presents simulations of unsaturated groundwater flow and radionuclide transport at 

Yucca Mountain using the numerical codes TOUGH2 and FEHM. The simulations test the 

proposed methodology for coupling flow and transport in the upcoming Total Systems 

Performance Assessment-Viability Assessment (TSPA-VA). The simulations also reveal the 

sensitivity of transport results to different weighting schemes for hydraulic conductivities used in 

liquid flux calculations. Results indicate that coupling TOUGH2 and FEHM is a viable method for 

simulating flow and transport at Yucca Mountain when a modified upstream weighting scheme is 

used to simulate the flow fields. 

In recent years, numerical simulators of multiphase, multicomponent, multidimensional flow in 

porous and fractured media have been developed for environmental applications such as nuclear 

waste management. Two prominent codes for evaluating flow and transport in the unsaturated 

zone for performance assessments of the potential high-level nuclear waste repository at Yucca 

Mountain, Nevada, include TOUGH2' and FEHM2. 

The application of TOUGH2 has focused on site-scale unsaturated-zone (UZ) hydr~logy,~ 

while the use of FEHM has focused on fluid flow and radionuclide transport4 at Yucca Mountain. 

Both UZ hydrology and radionuclide transport are critical components in performance-assessment 

calculations, and a method of coupling these components was investigated for the TSPA-VA. 

Although the use of FEHM for simulating both flow and transport was considered as a viable 
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option, an alternative method that uses TOUGH2 to simulate UZ flow fields and FEHM to 

simulate radionuclide transport on the established flow fields is considered to be preferable by the 

performance-assessment group. This preferred method maintains consiitency with the three- 

dimensional UZ site-scale model and data set that have been calibrated using TOUGH2.3 This 

paper presents simulations of flow and transport using this method and examines alternative 

weighting schemes for flow calculations. 

Approach 

A suite of steady-state simulations using one- and two-dimensional models have been 

performed to test the proposed methodology for flow and transport. One-dimensional simulations 

performed prior to the two-dimensional simulations confirmed that coupling TOUGH2 and FEHM 

was a viable method for simulating flow and transport in the UZ. However, they also revealed that 

the transport results were very sensitive to flow calculations in the vitric and zeolitic stratigraphic 

units below the potential repository. Specifically, large amounts of water percolating through the 

high-permeability vitric matrix elements could either be diverted into the vitric fracture elements or 

allowed to flow into the low-permeability zeolitic matrix elements depending on the weighting 

scheme used for the hydraulic conductivity between adjacent elements in the flow simulations. The 

effects of the weighting scheme on radionuclide transport have been investigated in the two- 

dimensional simulations, which are presented in this paper. 

Figure 1 shows the two-dimensional model, which corresponds to an east-west cross-section 

of Yucca Mountain at a northing coordinate of 233,400 m. The domain is bounded on the west 

and east by the Solitario Canyon and Ghost Dance faults, respectively. The faults are 

conceptualized here to be capillary barriers so that any lateral liquid flow is diverted downward at 

these boundaries. The bottom of the domain corresponds to the water table and is maintained at a 

constant saturation of one. Infiltration is introduced at a prescribed, spatially varying rate along the 

top row of fracture elements (see Figure 1 for infiltration distribution above the domain). The 

dual-permeability model (DKM) is used with prescribed reduction factors for fracture-matrix 
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interaction to account for isolated flow paths and liquid channeling on fracture surfaces.' The 

mesh consists of a total of 5,632 fracture and matrix elements, and the hydrologic properties and 

infiltration distribution are taken from the LBNLNSGS Site-Scale UZ Model.3 

The EOS9 module (Richards' solution) of TOUGH2 (SNL quality assurance version 3.1.1) is 

used to generate liquid flow fields in the model. To facilitate particle tracking of radionuclides in 

the TOUGH2-generated flow fields using FEHM, a post-processor has been written to reformat 

the TOUGH2 output into FEHM-readable files. These processed files are then read by FEHM, 

and radionuclide mass flux and cumulative breakthrough curves are generated using the particle 

tracking solution. 

The particle tracking method used in FEHM is a cell-based model in which particles are routed 

from grid block to grid block in a manner that preserves the overall residence time through any 

portion of the model and probabilistically reproduces the migration of a solute through the 

domah6 The requirement for the method is that the flow calculation be based on a control volume 

in which fluid flow rates into and out of each cell are computed. Since TOUGH2 is an integrated 

finite difference code and FEHM employs a control volume finite element technique, the two codes 

are compatible from the standpoint of implementation of the particle tracking technique. The 

required inputs for FEHM to use an externally developed flow field are: 1) grid connectivity 

information and cell volumes; 2) fluid state variables for computing density, fluid saturation, and 

rock porosity at each grid point; 3) internodal fluid mass flow rate for every connection in the 

numerical grid; and 4) fluid source and sink flow rates for each grid block. In the particle tracking 

solution used in this study, 500,000 particles representing 237Np are released instantaneously at the 

potential repository horizon (see Figure 1 for coordinates) at t=O. The diffusion coefficient is set 

equal to lxlO-" m2/s, and a constant sorption coefficient, K,, of 2.5 cc/g is used for 237Np in the 

zeolitic units (zero elsewhere). The particle tracking algorithm includes hydrodynamic dispersion 

as a feature; however, to simplify the interpretation of the results, hydrodynamic dispersion is 

neglected in the present study. 
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Results 

The mass flux of 237Np at the water table as a function of time is shown in Figure 2 for three 

different weighting schemes used in the two-dimensional TOUGH2 flow simulations: 1) full 

upstream (upstream absolute and relative permeabilities), 2) harmonic absolute permeability (with 

upstream relative permeability), and 3) modified upstream (with downstream weighting of absolute 

and relative permeabilities at connections where a vitric matrix overlies a zeolitic matrix). Two 

peaks are evident in all the simulated mass fluxes as a result of disparate travel times of 237Np 

through the fracture and matrix continua. 

Significant differences in the initial anrival time at the water table can be attributed to the 

different flow behavior at the interface of the vitric and zeolitic matrix elements resulting from the 

different weighting schemes.+ In the full upstream weighting simulation, large amounts of water 

can flow downward from the high-permeability vitric matrix to the low-permeability zeolitic matrix 

below, even though the permeability decreases by up to four orders of magnitude. In fact, because 

of the upstream weighting of the hydraulic conductivity, the rate of flow entering the zeolitic matrix 

can exceed the saturated conductivity of the zeolitic matrix material, which is physically unrealistic. 

The increased flow through the zeolitic matrix allows the 237Np to be sorbed and delays the 

breakthrough at the water table. Although some of this water is eventually forced into the zeolitic 

fracture elements (denoted by the first 237Np peak in Figure 2) a significant amount of 237Np is 

carried through the matrix as evidenced by the second 237Np peak in Figure 2. 

In contrast, the harmonic absolute permeability weighting scheme results in a much earlier 

breakthrough of 237Np at the water table. This scheme yields a much lower hydraulic conductivity 

between vitric matrix elements overlying zeolitic matrix elements relative to the full upstream 

weighting scheme. As a result, water flow is diverted around the zeolitic matrix and into the vitric 

fracture elements, and the unrealistic transport time-delay for 237Np is eliminated. However, the 

Sensitivity studies revealed that refinement of the mesh was not the source of the discrepancy. 
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harmonic absolute permeability is weighted towards the low absolute permeability of the zeolitic 

matrix, and the upstream relative permeability of the vitric matrix is typically much less than the 

relative permeability of the nearly saturated zeolitic matrix. Therefore, the resulting product is less 

than the actual conductivity of the zeolitic matrix, and potentially too much flow may be diverted 

away from the zeolitic matrix. 
/ 

A compromise was proposed to modify the upstream weighting scheme so that the low 

conductivity of the zeolitic matrix units could be taken into account at interfaces where a vitric 

matrix element overlies a zeolitic matrix element. The results of the modified upstream scheme 

show that the initial 237Np breakthrough is similar to the results of the harmonic weighting scheme 

(Figure 2), indicating a significant diversion of flow into the vitric fractures, but the second peak is 

more pronounced, indicating increased transport through the zeolitic matrix. This behavior is 

better illustrated in Figure 3, which shows a plot of the cumulative travel time distributions for the 

different weighting schemes. The first plateau of the cumulative breakthrough curve is proportional 

to the mass flux reaching the water table under a constant release scenario. The modified weighting 

scheme yields significantly lower mass flux values than the harmonic case within the first 10,000 

years, indicating less flow through the fractures, but the arrival times are not shifted to longer 

values as in the upstream case. This behavior is a compromise between the extreme behaviors of 

the other two weighting scheme and is believed to be physically reasonable. As a result, the 

modified upstream method will be used to generate flow fields for the TSPA-VA calculations. 

Finally, it should also be noted that comparisons between the harmonic transport results shown in 

Figure 2 and results produced by a two-dimensional flow and transport FEHM model4 were quite 

si-milar, further supporting the implementation of the TOUGH2EHM coupling and the essential 

similarities between the numerical formulations of the two codes for simulating flow and transport 

in unsaturated media. 
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Conclusions 

Simulations have been performed to test a methodology that couples TOUGH2 and FEHM for 

generating flow and transport calculations in TSPA-VA. A suite of one- and two-dimensional 

simulations have demonstrated the viability of this method. In addition, alternative weighting 

schemes for flow calculations have been compared to determine the best weighting scheme for 

flow simulations. A modified upstream weighting scheme yields flow results that compromise the 

extreme behaviors of the full upstream and harmonic absolute permeability weighting schemes and 

will be used in the development of UZ flow fields for TSPA-VA. 
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Figure 1. Two-dimensional TOUGH2 mesh used in flow simulations with corresponding 
infiltration distribution. The east-west cross-section has a northing coordinate of 233,400 
m. The potential repository is located at an elevation of approximately 1,100 m and 
bounded by eating coordinates of 170,150 m and 171,200 m. 
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Figure 2. Mass flux of 237Np at the water table using different weighting 
schemes for hydraulic conductivities. TOUGH2 is used to simulate flow fields, 
and FEHM is used to simulate radionuclide transport. 
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Figure 3. Cumulative breakthrough of 237Np at the water table using different 
weighting schemes for hydraulic conductivities. TOUGH2 is used to simulate 
flow fields, and FEHM is used to simulate radionuclide transport. 
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